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ABSTRACT
Controlled drug delivery has been widely researched since being introduced over 50
years ago.

Systems for controlled release are important for improving the

pharmacological profile of therapeutic compounds. Controlled delivery systems have
been designed to give sustained and delayed release as well as for targeted delivery
which minimises side effects such as toxicity, which can be associated with systemic
drug delivery. Many materials have been used for controlled release, with the main
focus being on polymer based systems.
Over recent years conducting polymers have been used in controlled drug release
applications. These materials possess unique redox switching properties which enable
ionic compounds, including drugs, to be incorporated into and released from the
polymer with electrochemical stimulation. To date, the use of conducting polymers in
release systems has been focussed almost solely on polypyrrole. The work in this
thesis focuses on another conducting polymer, polyterthiophene, for the incorporation
and release of an anionic anti-inflammatory drug, dexamethasone phosphate (Dex).
Dex was successfully incorporated into polyterthiophene as an anionic dopant during
electrochemical synthesis. Due to the differing solubility of the drug and terthiophene
monomer, synthesis was carried out from a mixed solvent system of water and
acetonitrile. Characterisation showed that the presence of water in the monomer
solution did not have a significant effect on the properties of the resulting polymer.
Polymer synthesis conditions were optimised to yield reproducible polymer films
which gave consistent Dex release profiles. The release of Dex was studied using a
range of electrochemical stimulation protocols, with the oxidation state of the
polyterthiophene found to be critical to the release observed. Polyterthiophene films
ii

were found to spontaneously reduce when immersed in electrolyte solution.
Consequently, little difference in the release was observed between the unstimulated
(spontaneously

reduced)

polymer

and

polyterthiophene

which

had

been

electrochemically reduced. However, the application of a constant oxidising potential
was found to significantly reduce the rate of release from polyterthiophene.
Several composite structures based on polyterthiophene doped with Dex were
subsequently studied to determine whether this spontaneous reduction phenomenon
could be changed or prevented.

Bilayer structures prepared with an inner

polyterthiophene layer and outer polypyrrole layer both doped with Dex were studied.
Raman characterisation showed that some reduction of the inner polyterthiophene
layer did occur. However, the Dex release profiles obtained for the bilayer structures
were significantly different from those obtained for polyterthiophene monolayer
structures, indicating that incorporating an outer polypyrrole layer could be used to
affect release from the inner polyterthiophene layer.

The use of carbon-based

substrates was shown to stabilise the oxidation state of polyterthiophene doped with
Dex in air, however, auto-reduction still occurred upon immersion in solution.
Comparative release studies carried out using polypyrrole doped with Dex gave
unique release results, with a significant amount of Dex release observed when a
constant highly oxidising potential was applied to the polypyrrole film.
Galvanic coupling with magnesium based alloys was shown as a means of stimulating
drug release from polypyrrole and polyterthiophene/polypyrrole bilayer structures,
removing the need for an external power source to stimulate release.
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1 INTRODUCTION
1. 1 Introduction
This project has been undertaken to investigate the development of conducting
polymer materials and the application of these materials to the controlled release of
an anti-inflammatory drug. This chapter introduces conducting polymers, synthesis
methods for these materials and discussion of the unique properties they possess.
The concept of controlled drug delivery is then introduced, including a review of
materials which have previously been used in the area of drug delivery.

The

application of conducting polymers to the area of controlled drug delivery is then
discussed, looking at new material systems which are being developed for use in this
field. The anti-inflammatory drug used throughout this work, dexamethasone, is
introduced with an overview of the methods currently used for delivery given. The
chapter finishes with a summary of the aims of this project.

1. 2 Conducting polymers
Conducting polymers are a class of organic polymers discovered in 1977 by
Shirakawa, Heeger and MacDiarmid [1, 2]. The discovery that polymer materials,
conventionally insulating in nature, could conduct electricity revolutionised the ways
in which polymers could be used and initiated a new field of research. In 2000,
Shirakawa, Heeger and MacDiarmid were awarded the Nobel Prize for Chemistry for
their pioneering work in this area. Since the initial discovery of conducting polymers,
many groups across the world have focussed research on a wide variety of aspects
and possible applications of these materials. The ease of synthesis, as well as their
conductivity makes these materials suitable for a wide variety of applications, such
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as plastic solar cells and energy storage devices [3-7], smart textiles [8-12] and for
interfacing between medical devices and the human body [13-17].
The main classes of conducting polymers on which research has been focussed are:
polyacetylene, polypyrrole, polythiophene and polyaniline, along with substituted
derivatives of these monomer units, the structures of which are shown in Table 1.1.
There are other polymers with a conjugated backbone structure; however, those
shown in Table 1.1 are the most common. Polyacetylene was the first conducting
polymer developed by Shirakawa et al. [1, 2] and it is the most crystalline in nature.
However, due to its instability in air and sensitivity to humidity, polyacetylene has
not been as widely researched for commercial applications as other conducting
polymers such as polypyrroles, polythiophenes and polyanilines [18].
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Table 1.1 Chemical structures of common conducting polymers

Name
Polyacetylene (PAc)

Structure
CH

CH

n

Polypyrrole (PPy)
N
H

n

Poly(N-substituted pyrrole)
N

n

R

(R = alkyl, alkoxy)
Poly(thiophene)

S

n

Poly(terthiophene)
S
S

S

n

Poly(3,4-ethylenedioxythiophene)
(PEDOT)

O

O

S

n

Polyaniline (PAni)
NH

n
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R

Poly(N-substituted aniline)

N

n
(R = alkyl, alkoxy)

The work presented in this thesis focuses mainly on the conducting polymer
polyterthiophene (Table 1.1) which is a polythiophene derived from the 2,2’:5’,2”terthiophene monomer (Figure 1.1). Polyterthiophene will be discussed in specific
detail in Chapter 3 (Section 3. 1).

4

3

3"
2'

5

S

2

S

4"

5'

1'

2"

1

5"

S

1"

3'

4'

Figure 1.1 Chemical structure of 2,2’:5’,2”-terthiophene

1.2.1 Structure and conductivity
Conducting polymers consist of a highly conjugated structure, which results in
overlapping sp2-hydridised orbitals. This highly conjugated structure is key to the
conductivity of conducting polymers. In the neutral or undoped state, conducting
polymers are insulating. The removal (or insertion) of a π-electron from the polymer
backbone, by p-type (or n-type) doping results in the formation of a polymeric cation
(or anion). The most common form of conduction in conducting polymers is through
p-doping, which results in formation of a radical cation, or polaron which is a charge
carrier. This charge carrier is delocalised across a number of monomer units within
5
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the polymer back bone, typically 4 monomer units for polypyrrole [19]. This charge
carrier allows electrons to move freely; therefore enabling the polymer to conduct
electricity. Further oxidation of the polymer can cause removal of a second electron
from the polymer chain, forming a radical dication or bipolaron. The mechanisms of
conduction in conducting polymers by polarons, bipolarons and solitons is detailed in
a comprehensive review by Brédas and Street [19]. The degree of conductivity
depends on the density and mobility of charge carriers within the polymer [18]. In
the doped (or oxidised) state, conducting polymers have conductivities in the range
of 1 to 1000 S/cm, with the maximum reported conductivity for conducting polymers
being 105 S/cm [20, 21].
The difference in conductivity between the doped (conducting) and undoped
(insulating) polymer can be explained using band theory (Figure 1.2). The band gap
of a material is the difference between the highest occupied molecular orbital, or
valence band, and the lowest unoccupied molecular orbital, or conduction band, also
known as the π-orbital and the π*-orbital respectively. The energy of the π-π*
transition is known as the band gap energy, and it is this that determines the intrinsic
electrical properties of a material.
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(a)

Narrow band gap

No band gap

(b)

(c)

Energy levels in conduction band
Energy levels in valence band
Figure 1.2 Schematic representation of the difference in band structure of (a) an insulator, (b) a
semiconductor and (c) a metal (conductor). Adapted from [18].

The creation of charge on the polymer back bone is only possible if it can be
compensated by opposite charges.

These opposite charges are generally ionic

species present in the electrolyte solution, which are incorporated into the polymer
during synthesis to maintain charge neutrality on the polymer back bone. This
incorporation of ions means that conducting polymers are not only electrical but also
ionic conductors. However, the electrical conductivity of these materials is generally
higher than the ionic conductivity [22].

1.2.2 Polymerisation
The synthesis of conducting polymers is generally performed by oxidation of the
respective monomer unit by electrochemical or chemical methods. Other methods
include enzyme-catalysed and photochemically initiated polymerisation, however,
these methods are less developed [23]. The method of polymerisation used affects
the characteristics of the resulting polymer, for example, chemical polymerisation
7
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generally results in powder formation and electrochemical synthesis leads to polymer
film deposition onto an electrode surface [23].
In chemical polymerisation, a chemical oxidant, for example, persulphate or ferric
chloride, and a dopant are dissolved in a suitable solvent.

A doped polymer

subsequently precipitates from the solution. In some cases the oxidant can also act as
the dopant species to counter the positive charge created on the polymer back bone.
The conductivity of chemically prepared conducting polymers is generally lower
than that of polymers prepared by electrochemical methods. However, chemical
polymerisation allows greater control over the structural properties and the molecular
weight of the formed polymer and is suitable for commercial mass production [22].
The properties of the formed conducting polymer are dependent on the reaction
conditions employed.

These conditions include the concentration and type of

oxidant, the concentration and type of dopant and the solvent, as well as the
polymerisation temperature and reaction time. Other chemical based polymerisation
techniques have been used, including chemical vapour deposition and vapour phase
polymerisation. Chemical vapour deposition was first demonstrated by Mohammadi
et al. [24] to prepare polypyrrole doped with iron (III) chloride. Vapour phase
polymerisation

has

been

used

to

prepare

polypyrrole

[25],

poly(3,4-

ethylenedioxythiophene) [26] and blends of the two [27].
Electrochemical polymerisation (electropolymerisation) allows the direct deposition
of doped polymer on to the working electrode surface and can be performed in a two
or three electrode cell. Electropolymerisation uses the application of a current or
potential across a solution containing monomer and electrolyte salt in a suitable
solvent. The applied current or potential causes oxidation of the monomer, with the
8
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anionic component of the electrolyte salt incorporated into the formed polymer to
balance the positive charge generated on the polymer back bone [28]. A schematic
representation of this process is shown in Figure 1.3.

+A-

Oxidation

n
N
H

N
H

A-

n

m

Figure 1.3 Schematic representation of the polymerisation process of conducting polymers using
polypyrrole as an example. n is the number of monomer units per dopant anion (A-) (n = 3-4 for
polypyrrole) and m relates to the molecular weight of the polymer. Figure reproduced from Wallace
et al. [23].

Electropolymerisation

of

conducting

polymers

can

be

performed

potentiodynamic, potentiostatic and galvanostatic methods [22, 23].

using
In

potentiodynamic methods, such as cyclic voltammetry, the potential is swept
between suitable upper and lower limits whilst monitoring the current.

The

formation of conducting polymer is indicated by an increase in the reversible peak,
which occurs at a lower potential than that of the monomer, with increasing cycle
number. A continuing increase in current with increasing cycle number peak is
indicative of the formation of a conducting material. If the deposited polymer was
not conducting, this peak would stop increasing after a few cycles [22]. Cyclic
voltammetry can also be used to determine the potentials at which the monomer and
resulting polymer undergo oxidation and reduction. Potentiostatic polymerisation
uses the application of a constant potential to the working electrode of the
electrochemical cell. The applied potential has to be high enough to induce the
oxidation of the monomer. During potentiostatic polymerisation a plot of current vs.
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time (chronoamperogram) can be used to determine polymer formation with an
increase in current being indicative of polymerisation.

Polymerisation by

galvanostatic methods uses the application of a constant current to the working
electrode.

A plot of potential over time (chronopotentiogram) during polymer

deposition can be used as an indicator of the quality of the deposited polymer. An
initial potential spike, followed by a decrease during polymer deposition indicates
that a conducting material has been deposited. Galvanostatic deposition allows some
control over the mass of polymer deposited as the total current, and therefore charge,
passed can be controlled.

However, the voltage generated during galvanostatic

deposition cannot be controlled, meaning that an over-oxidised polymer may be
deposited if the current applied is too large or if the electrochemical cell has a high
resistance.

Potentiostatic polymerisation, by nature, offers control over the

polymerisation potential and can therefore offer greater control over the properties of
the deposited polymer; however, the mass of polymer deposited cannot be controlled
by this method.

As for chemical polymerisation, the electropolymerisation

conditions employed, for example the electrode material, solvent system, electrolyte
and monomer used, will all affect the properties of the resulting polymer.
The mechanism for polymerisation of conducting polymers (Figure 1.4) was first
proposed by Genies et al. [29] and was later confirmed by Andrieux et al. [30]. The
initial steps of polymerisation involve the generation of a radical cation by oxidation
of a monomer unit, and then subsequent coupling and deprotonation to form a dimer
unit (Figure 1.4). The dimeric species is more readily oxidised than the monomer
and therefore undergoes further coupling and deprotonation to propagate polymer
chain formation (Figure 1.4).

This chain formation continues until a critical

molecular weight is exceeded at which point the formed polymer precipitates [22].
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The mechanism of polymerisation for polythiophenes is further discussed in
Chapter 3 (Section 3.1.1).

Step 1: Monomer
oxidation
Resonance
forms:

Step 2: Radical-radical
coupling
Step 3: Deprotonation &
re-aromatisation
Step 4: Chain
propagation

X

X

Oxidation
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+
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.

+
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X

X
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X
+

.
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X

.

-2H+
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n

X

X
X

X

n

Figure 1.4 Polymerisation mechanism of conducting polymers, where X = NH or S in the case of
polypyrrole or polythiophene respectively. Scheme adapted from Wallace et al. [23].

1.2.3 Electroactivity of conducting polymers
One of the key features of conducting polymers is that they can be reversibly
switched between the oxidised (conducting) state and the reduced (insulating) state.
This quality is known as electroactivity or redox switching.
The redox switching process of conducting polymers is associated with ion
movement, either into or out of the polymer matrix in order to maintain
11

Chapter 1

Introduction

electroneutrality. The mechanism of ion movement is dependent upon the dopant ion
incorporated during polymer synthesis and also the ions present in the electrolyte
solution. If a relatively small dopant anion, for example Cl-, is incorporated during
polymerisation, reduction of the polymer will result in anion expulsion. However, if
a large dopant anion is incorporated during synthesis, such as a polyelectrolyte,
reduction of the polymer results in cation uptake from the electrolyte solution. This
is because large dopant anions are not mobile and therefore cannot be readily
expelled from the polymer upon reduction. To balance the negative charge on the
polymer back bone, mobile cationic species are taken into the polymer structure [23].
This process is demonstrated in Figure 1.5.

(a)

+AN
H

n

0

+ e- e-

N
H

m

+

(b)

AB-

N
H

n

n m
0 AB
C+

-

+

C+

m

+e
- e-

A-

+

N
H

n

m

Figure 1.5 Ion movements associated with redox switching of conducting polymers using polypyrrole
as an example. (a) If a small mobile anion (A-) is incorporated into the polymer during synthesis, it
can be expelled upon reduction of the polymer.

(b) When a large immobile anion (AB -) is

incorporated into the polymer during synthesis, smaller cationic species (C +) can be incorporated into
the polymer upon reduction and then expelled upon oxidation of the polymer. n is the number of
monomer units per dopant anion (A-) (n = 3-4 for polypyrrole) and m relates to the molecular weight
of the polymer. (Figure adapted from [23]).

Along with ion movement, redox switching can also be associated with changes in
the hydrophilic/hydrophobic balance of the polymer which can cause swelling of the
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polymer [22]. Changes in the colour [31-34] and mechanical properties [35-38] of
the polymer can also occur during redox switching.
The ability to readily redox switch and the changes in polymer properties associated
with this switching has made conducting polymers suitable for application in
actuators [39-46], electrochromics [47-56] and microfluidic devices [57-63], as well
as controlled drug delivery systems [64-67]. The application of conducting polymers
to controlled drug delivery is discussed in greater detail in Section 1.3.1.

1. 3 Controlled release
The concept of controlled release was first introduced in a patent by Wurster in 1953
[68]. Initially developed for the controlled release of drugs, the concept has been
extended to the delivery of other therapeutic agents, such as genes [69-74], proteins
[75-80] and growth factors [81-86]. Traditional methods of drug administration
include topical routes, where the agent is applied to the surface of the body, such as
creams and ointments, enteral administration which is any delivery method involving
the gastrointestinal tract, for example tablets and capsules, and parenteral
administration which is delivery via injection or infusion such as intravenous
injections. Traditional methods of drug delivery can often be compromised in terms
of achieving a therapeutic concentration over the clinically relevant period of time.
This means that multiple administrations are often required to obtain the desired
therapeutic affect [87].
Controlled delivery devices have been designed to alter the pharmacokinetics and
biodistribution of the associated drug, as well as to act as drug reservoirs enabling
sustained release for extended time periods [88]. Controlled release systems have
also been developed for targeted, site-specific delivery, which minimises side effects
13
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such as toxicity which can be associated with systemic delivery.

Some newer

therapeutic agents based on proteins and nucleic acids, as well as more traditional
drugs are rendered ineffective by systemic delivery, due to dilution of the active
compounds or modification/breakdown of the molecules in the body. Therefore, the
use of controlled delivery systems means that drugs can be restricted to the necessary
tissues and the drug can be delivered in its most effective form [89].
Drug delivery systems have been developed with a wide range of delivery
mechanisms, for example diffusion, water penetration or chemically controlled, as
well as pendant chain and regulated systems. Commercially available controlled
release systems are classified by the mechanism which controls release of the
therapeutic agent, and these systems are classified in Table 1.2. As well as those
given in Table 1.2, other methods of triggered release have also been studied.
McCoy et al. recently reviewed various mechanisms by which release can be
triggered from systems [87]. Mechanisms studied include release triggered by light,
heat, mechanical and electrical stimuli, as well as magnetism and ultrasound. Some
examples of commercially available controlled release products are given in Table
1.2, however, there are a large number of products developed and tested by
pharmaceutical companies, for an extensive range of applications. Further examples
of commercially available products can be found in a review by Allen and Cullis
[88].
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Table 1.2 Classification of controlled release systems including examples of commercially available
products using this technology (adapted and updated from [90]).

Type of release system

Rate-control mechanism

Diffusion controlled
Reservoir (membrane)
devices

Example commercial
applications
Ocusert (glaucoma
control)

Diffusion through
membrane

Diffusion through bulk
polymer
Monolithic (matrix)
devices

Progestasert
(intrauterine
contraceptive device)
Norplant (contraceptive
implant)
Purasorb (drug eluting
stents) [91]

Water penetration controlled
Osmotic systems

Osmotic transport of water
through semi permeable
membrane

Osmet (experimental
device for implantation
into animals)
Acutrim (appetite
suppression)

Swelling systems

Water penetration into
glassy polymer

Geomatrix (swelling
controlled device for
oral administration)

Monolithic (matrix)
systems

Pure polymer erosion
(surface erosion) or
combination of erosion
and diffusion (bulk
erosion)

Capronor (poly(εcaprolactone) for
release of, a
contraceptive steroid)

Pendant chain systems

Combination of hydrolysis

Poly(N-hydroxypropyl-

Chemically controlled
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of pendant chain groups
and diffusion from bulk
polymer

ʟ-glutamate) with
covalent attachment of
norethindrone
(contraceptive steroid)

External application of
magnetic field or
ultrasound to device

CPI Lilly pump
(insulin delivery)

Regulated systems
Magnetic or ultrasound

Use of competitive
desorption of enzymesubstrate reactions.

Chemical

Diffucaps (combine
multiple drugs and/or
multiple release
profiles) [92]
Eudracol (colon
targeted delivery) [93]

Many materials have been studied for controlled release systems, with a main focus
being on polymers. For many years, controlled release involved the incorporation of
drugs into erodible or inert polymers. However, over recent years there has been a
shift in research towards the development of more refined drug delivery systems,
using advanced designs and novel means to control drug release from them [94].
Naturally occurring polymers including polypeptides [95, 96], nucleic acids [97] and
polysaccharides such as alginate [98], collagen [99], elastin [100] and chitosan [101]
have been used for controlled release applications. Synthetic polymer materials have
also been researched, including degradable and non-degradable materials. Nondegradable

polymers

including

poly(ethylene

oxide),

poly(ethyleneimine),

poly(propyleneimine) and poly(amidoamine) have been used for the delivery of
anticancer and antitumor drugs [97]. A disadvantage of non-degradable materials is
that once the entire therapeutic agent has been delivered, a second procedure is
16
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required to remove the spent implant. Degradable systems however do not require a
follow up procedure as the material is broken down and excreted from the body.
Synthetic

degradable

polymers

which

have

been

researched

include

poly(caprolactone) [102, 103], poly(ethylene carbonate) [104], poly(lactic acid) and
poly(glycolic acid) as well as copolymers, for example poly(lactide-co-glycolic acid)
(PLGA) [105-109].
A form of polymer which has shown increasing promise for controlled release is
hydrogels. Hydrogels are cross-linked polymers with a high-water content, which
can provide sustained, local delivery of a variety of therapeutic agents [94].
Hydrogels are stimuli-responsive materials which undergo significant volume
changes in response to changes in the environment, such as pH, temperature and
ionic strength. Fully hydrated hydrogels also have some physical properties common
to living tissues, including a soft consistency and low interfacial tension with water
or biological fluids, properties which make hydrogels suitable for controlled release
applications [94]. Hydrogels based on many different polymers have been applied to
controlled release, including alginate [110], chitosan [94], dextran [111] and PLGA
[112, 113].

The application of polymeric hydrogels to controlled release was

recently reviewed by Bajpai et al. [114].
The development of nanotechnology has also had a significant impact on the
progress of controlled release systems. Polymeric nanocarriers have been developed
in the form of dendrimers, liposomes and micelles [97]. Inorganic nanocarriers have
also been developed for drug and gene delivery applications, for example nanotubes,
nanoshells and mesoporous nanoparticles, fabricated from materials such as carbon,
calcium phosphate and silica [115].
17
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1.3.1 Conducting polymers in controlled release
Over recent years a large amount of research has been carried out looking at the
application of conducting polymers to the controlled release of bioactive molecules.
The polymer materials discussed so far are non-conducting and therefore electrical
stimulation cannot be readily used to trigger release from these systems. Controlled
release from conducting polymers was first reported by Zinger and Miller in 1984
[116], where polypyrrole was used as the release substrate for glutamate.
Polypyrrole (PPy) is the most widely researched conducting polymer for drug
delivery applications, due to the low toxicity of the monomer, the ability to
polymerise from aqueous solutions and the good biocompatibility of the resulting
polymer [117]. The biocompatibility of PPy was studied by Wang et al. [118], with
polypyrrole showing no adverse effects on any of the cell lines or animal models
investigated. Many studies have looked at the effect of PPy on various cell lines.
George et al. [119] found that neural networks grew on PPy electrodes prepared by
several different methods.

All the prepared electrodes were also found to be

biocompatible upon implantation into rats. More recently, Ateh et al. [120] reviewed
the biocompatibility of PPy-based conducting polymers, concluding that PPy could
contribute to a new range of biomaterials due to its versatile properties.
Conducting polymers are suitable for use in controlled release applications due to
their redox switching properties and the ion movements associated with this
switching, as discussed in Section 1.2.3.

These properties have enabled the

incorporation and subsequent release of both anionic and cationic agents. Anionic
compounds have been directly incorporated into the polymer matrix as dopant ions
during

synthesis,

allowing

facile

preparation

of

drug-loaded

substrates.
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Incorporation of cationic drugs requires the initial incorporation of a large immobile
dopant anion into the polymer. Subsequent electrochemical treatment can then be
used to load the cationic molecules. This was demonstrated by Thompson et al.
[121], where polypyrrole was doped with p-toluene sulfonic acid (PTS), allowing the
incorporation of a positively charged neurotrophic factor (NT-3).
Since the initial work by Zinger and Miller [116], many groups have studied
polypyrrole as a release substrate for a wide variety of drugs and other therapeutic
agents. The most commonly studied anionic compounds are adenosine triphosphate
(ATP), sulfosalicylic acid (SSA) and dexamethasone phosphate (Dex). ATP release
from PPy has been studied by several groups, with different PPy systems and
electrical stimulation protocols used. A large amount of research in this area has
been done by Reynolds et al. [122-125]. SSA release was initially studied by
Massoumi and Entezami [126] and later by Ge et al. [127]. In both cases, SSA was
directly incorporated into the PPy substrate and release was stimulated by reduction
of the polymer using constant applied potential. Dex release from PPy was first
reported by Massoumi and Entezami [128], where composite bilayer PPy films were
stimulated with constant reducing potentials to increase Dex release. Since then,
several groups have used PPy for Dex release, including Wadhwa et al. [64] and
more recently Leprince et al. [67]. Various methods of stimulation for Dex release
from PPy have been used including cyclic voltammetry [64], constant potential [67,
129, 130] and galvanic coupling to magnesium alloys [131] to cause reduction of the
polymer film. A summary of the literature discussing release of therapeutic agents or
biomolecules from PPy is given in Table 1.3.
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Table 1.3 Summary of literature using polypyrrole (PPy) systems for the incorporation and release of
compounds.

Author

Year

Material

Compound
released,
charge

Release
stimulation

Ref.

Zinger & Miller

1984

PPy/Cl

Glutamate,
anion

–1.0 V vs.
SCE for
2 min

[116]

Miller & Zhou

1987

Composite of poly(Nmethylpyrrolylium) &
poly(styrene sulfonate)

Dopamine,
cation

Stimulation
at +0.5 V

[132]

1989

Composite of poly( Nmethyl-pyrrole) &
poly(styrene sulfonate)
(PSS)

Dimethyldopamine, cation

Stepped
potential,
+0.4 V to
+0.6 V

[133]

1992

PPy/p-toluene sulfonate

Adenosine 5’triphosphate
(ATP), anion

Stepped
potential, n
–0.6 V to
+0.6 V

[134]

1994

PPy/ acetylsalicylate,
PPy/ salicylate

Acetylsalicylate/ salicylate,
anions

Cyclic
voltammetry
, potential at
–1.0 V

[135]

[122]

Zhou, Miller &
Valentine

Li & Dong

Creed, Green,
Pennington &
Rosseinsky

Pyo, Maeder,
Kennedy &
Reynolds

1994

PPy/ATP

ATP, anion

Potential
cycling,
–1.0 V to
0.0 V

Li & Dong

1995

PPy/ p-toluene sulfonate
(PTS)

ATP, anion

Reduction of
film

[136]

1995

PPy/ATP films and
bilayers with PPy/ATP
inner layer & outer layer
of poly(N-methylpyrrole)
or poly(vinyl ferrocene)

ATP, anion

Cyclic
voltammetry

[123]

1996

PPy/ATP films and
composite bilayers with
inner PPy/ATP layer &
outer layer of poly(Nmethylpyrrole) with
various anions

ATP, anion

Cyclic
voltammetry

[124]

Pyo &
Reynolds

Pyo &
Reynolds
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Hepel &
Mahdavi

1997

Konturri, Pentti
& Sundholm

1998

PPy/melanin and PPy/Cl

Chlorpromazine
, cation

Stepped
potential
from –0.8 V
to +0.2 V

[137]

PPy/PTS as ion gate
membrane

Salicylate,
naproxen &
nicoside, anions

Negative
potential
steps

[117]

[125]

2000

PPy/ATP

ATP, anion

Constant
potential
(–0.7 V) and
chemically
(hydrazine/
DTT)

2001

Composite bilayers with
inner PPy/SSA layer &
outer layer of poly(Nmethylpyrrole)/ PSS or
polyaniline/ PSS

Sulfosalicylic
acid (SSA),
anion

Cathodic
potential
< –0.5 V

[126]

2002

PPy/EHP and bilayers
with inner layer of
PPy/EHP and outer layer
of poly(N-methylpyrrole)
or polyaniline

2-ethylhexyl
phosphate
(EHP), anion

Potential
cycling and
at open
circuit

[138]

Massoumi &
Entezami

2002

Bilayers with inner
PPy/Dex layer and outer
layer of poly(Nmethylpyrrole)/PSS or
self-doped polyaniline

Dexamethasone
phosphate
(Dex), anion

Cathodic
potential
< –0.6 V

[128]

Li, Neoh &
Kang

2005

Poly(vinyl alcohol)
hydrogel containing
heparin on PPy

Heparin, cation

Constant
current

[139]

Wadhwa,
Lagenaur & Cui

2006

PPy/Dex

Dexamethasone
phosphate
(Dex), anion

Cyclic
voltammetry

[64]

PPy/PTS

NT-3
(neurotrophin),
cation

Pulsed
potential,
pulsed
current and
cyclic
voltammetry

[121]

PPy/ hexacyanoferrate

Hexacyanoferra
te, anion

Constant
potential of
–0.4 V and
< –0.6 V

[140]

Pernaut &
Reynolds

Massoumi &
Entzami

Massoumi &
Entezami

Thompson,
Moulton, Ding,
Richardson et
al.

Orcajo,
Ventosa,
Martinez,
Colina et al.

2006

2006
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George, Lavan,
Burdick, Chen,
Liang & Langer

Arbizzani,
Mastragostino,
Nevi &
Rambelli

Li & Huang

Okner, Oron,
Tal, Mandler &
Domb

Introduction

2006

2007

PPy doped with biotin

Nerve growth
factor (NGF)
(streptavidin
bound)

Constant
potential of
+3 V

[141]

PPy doped with
salicylate, naproxene

Salicylate &
naproxene,
anions

Negative
potentials
between
–0.7 V and
–0.4 V

[142]

[143]

2007

PPy/ATP films

ATP, anion

Potential
cycling &
potential
step

2007

co-poly(ppa:butyl
ester)pyrrole, loaded
with paclitaxel by
immersion in solution

Paclitaxel,

Passive
diffusion

[144]

High
frequency,
biphasic
current

[145]

Richardson,
Thompson
Moulton,
Newbold et al.

2007

PPy/PTS/NT-3

NT-3
(neurotrophin),
cation

Xiao, Che, Li,
Sun et al.

2007

PPy/PTS

ATP, anion

Constant
potential
–0.6 V

[146]

Moulton,
Imisides,
Shepherd &
Wallace

2008

PPy/Dex

Dexamethasone
phosphate
(Dex), anion

Galvanic
coupling to
Mg alloy

[131]

Luo & Cui

2009

PPy/fluorescein
polymerised onto
polystyrene nanobeads

Fluorescein,
anion

Constant
potential
–2.0 V

[129]

2009

PPy/fluorescein
polymerised onto
polystyrene nanobeads,
Dex loaded into spaces
upon dissolving of bead
template

Fluorescein, &
dexamethasone
phosphate
(Dex), anions

Constant
potentials of
–0.5 V &
–2.0 V

[130]

Sulfosalicylic
acid, anion

Constant
reducing
potentials of
–0.5 V,
–0.8 V and
–1.0 V

[127]

Luo & Cui

Ge, Tian, Qi,
Huang et al.

2009

PPy/sulfosalicylic acid
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Richardson,
Wise,
Thompson,
Flynn et al.

Thompson,
Richardson,
Moulton, Evans
et al.

Leprince,
Dogimont,
Magnin &
DemoustierChampagne

Introduction

2009

2010

2010

PPy/PTS/NT-3

NT-3
(neurotrophin),
cation

Chargebalanced
biphasic
current
pulses

[147]

PPy/PTS with NT-3
and/or BDNF

NT-3 & brain
derived
neurotrophic
factor (BDNF),
cations

Biphasic
pulsed
current (±1
mA/cm2)

[148]

PPy/Dex

Dexamethasone
sodium
phosphate
(Dex), anion

Cyclic
voltammetry
(–0.8 V to
+0.9 V)

[67]

The release of cationic compounds from conducting polymers has also been studied.
As previously discussed, anionic compounds can be directly incorporated into
conducting polymers as dopant ions during synthesis. However, cationic compounds
require the incorporation of both a large anionic dopant and the cationic agent to be
released, thus making the preparation of conducting polymers containing cationic
compounds slightly more complex. Miller et al. used poly(N-methylpyrrolylium)
and poly(N-methyl pyrrole) to release the cationic compounds dopamine [132] and
dimethyldopamine [133] respectively. In both these cases the polymer was initially
doped with poly(styrene sulfonate), a large anion which was irreversibly
incorporated during polymerisation. The cationic drug was then incorporated into
the polymer matrix by the application of a reducing potential in a solution containing
the cationic drug. As the large anion could not be expelled from the polymer, the
cationic drug was incorporated to maintain charge balance on the polymer backbone.
Hepel & Mahdavi [137] incorporated chlorpromazine into PPy doped with melanin
by similar methods.
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More recently, the incorporation and release of cationic growth factors, such as
neurotrophin-3 (NT-3) [121, 145], nerve growth factor (NGF) [141] and brain
derived neurotrophic factor (BDNF) [148] have been studied. Thompson et al. [121]
prepared PPy doped with p-toluene sulfonate (PTS) and NT-3 by galvanostatic
deposition from aqueous media. A two layer approach to film preparation was
employed whereby an initial layer of PPy doped with PTS was deposited followed by
a subsequent deposition of PPy doped with PTS and NT-3. This method of film
preparation differed from earlier work as the cationic compound was incorporated
during polymerisation rather than by post-synthesis treatment. Release of NT-3 was
stimulated by cyclic voltammetry, pulsed potential and pulsed current, with pulsed
current stimulation studied more extensively as it was more conducive to cell
survival on the substrate. Electrochemical stimulation successfully increased the
amount of NT-3 released to therapeutically relevant levels when compared to
unstimulated release (natural diffusion) from the polymer [121]. The release of NT-3
from PPy has been shown to have a beneficial effect on neurite outgrowth from
auditory neurons [145] and on spiral ganglion neurons [147]. Due to the conducting
nature of the PPy, these materials have also been used for electrical stimulation of
cells in these applications as well as the release of the neurotrophic factor [147] This
system has been further developed to incorporate two neurotrophins: NT-3 and
BDNF [148]. Both NT-3 and BDNF were incorporated into PPy doped with PTS by
a method analogous to that used for NT-3 alone, with subsequent stimulated release
achieved using biphasic pulsed current.

It was found that release of both

neurotrophins simultaneously had a significant effect on auditory nerve survival and
neurite outgrowth [148]. Due to the successful outcomes of these studies, PPy has
been studied as a clinically viable coating for the cochlear implant [147].
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The conducting polymer drug release systems described so far have utilised the ion
movement into and out of the polymer matrix for the incorporation and release of
molecules. However, the actuation properties of conducting polymers can also be
applied to drug release. Valves constructed from PPy have been used to control
release of compounds from reservoir based systems [149]. Tsai et al. [150] used PPy
doped with sodium dodecylsulphate electrochemically deposited onto a thin gold
structural layer as a flap over a reservoir containing a fluorescent dye. The volume
changes of PPy upon application of a voltage, and the associated ion movement into
and out of the polymer during redox switching were utilised to cause the bilayer to
bend, resulting in opening and closing of the flap. Xu et al. [151] developed an array
system of electrochemically actuating PPy valves over a set of drug reservoirs. The
use of these valves enabled pulsatile and linear release profiles to be obtained due to
flexible control of the valve actuation sequence. As well as valve type systems, the
actuation of polymers has been used to enable release from polymeric nanotubes.
Martin et al. have studied the use of nanotubes prepared from the conducting
polymer poly(3,4-ethylenedioxythiophene) (PEDOT) for controlled drug release at
neural electrode interfaces [66, 152]. In these studies, PEDOT was polymerised
around nano-fibres of biodegradable poly(ʟ-lactide) and poly(lactide-co-glycolide)
loaded with dexamethasone.

The biodegradable polymer templates were then

removed or allowed to slowly degrade to allow further control over drug release [66].
Actuation of the PEDOT nanotubes upon application of electrical stimulation was
used to control release of the drug molecules loaded into the nanotubes. This system
has been further developed by the incorporation of an alginate hydrogel layer to act
as a buffer between the neural probe and neural tissue [152]. The biomedical

25

Chapter 1

Introduction

applications of polythiophenes, including PEDOT are further discussed in Chapter 3
(Section 3.1.2).
As previously discussed, hydrogel systems have been studied for application to drug
release systems. Conducting polymers have been incorporated into hydrogel systems
to construct functional responsive delivery devices [153, 154]. Conducting polymers
which have been incorporated into hydrogel systems include polyaniline and PPy
[155].

Polyaniline can exist in different stable oxidation states, with the most

conductive form being the emeraldine salt. The addition of a protonic acid to dope
the emeraldine base oxidation state causes the polyaniline to become conducting.
Bayer and Peppas [153] incorporated polyaniline doped with a polymer acid into a
hydrogel based biosensor to transduce the biomolecular signal. The polymer acid
was used as a dopant and a stabiliser for the polyaniline and made the polyaniline
more dispersible in water than polyaniline doped with a small acid molecule. This
made the polymer more amenable for incorporation into the hydrogel matrix [153].
Lira et al. also used hydrogels with interpenetrating polyaniline for release of the
antibiotic tetracycline [156].

In these systems, the therapeutic agent was not

incorporated into the polyaniline; it was absorbed into the hydrogel matrix. The
conducting polyaniline was used for electromechanical stimulation of the hydrogel
into which it was incorporated.

Further synthesis and applications of

electroconductive hydrogels were recently reviewed by Guiseppi-Elie [155]. Such
composite materials are being developed as responsive delivery systems, which can
sense and release agents in response to detected changes in the environment, making
fine control over release a realistic possibility [153].
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1. 4 Dexamethasone
Dexamethasone is a synthetic glucocorticoid anti-inflammatory agent which is used
to reduce inflammation in the central nervous system [64]. The chemical structure of
dexamethasone is shown in Figure 1.6.

The drug is thought to act through

glucocorticoid receptors found in most neurons and glial cells throughout the brain
[157].

OH
O
HO
H3C

H3C
OH

F

CH3
H

O
Figure 1.6 Chemical structure of dexamethasone.

Traditional routes of dexamethasone delivery include tablets, solutions, eye drops
and ointments. The route of delivery is dependent on the nature of the problem for
which the drug is being administered. Oral administration using tablets or solutions
is used in the treatment of many conditions including certain forms of arthritis, skin,
blood, thyroid and intestinal disorders as well as allergies and asthma [158]. Brand
names of orally administered treatments containing dexamethasone include
Decadron®, Dexamethasone Intensol® and Dexpak®.

Dexamethasone is also

widely used in the treatment of ophthalmic conditions, with traditional delivery
carried out via topical routes such as eye drops or eye ointments [159].
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Commercially available products for ophthalmic delivery of dexamethasone include
Dexasporin®, TobraDex® and Maxidex®.
Over recent years, researchers have studied new systems for the delivery of
dexamethasone, with a particular interest in site-specific delivery of the drug to
prevent exposure of the entire body to large and potentially toxic doses [64]. In
1994, Muller et al. [160] studied the effect of site-specific dexamethasone delivery
after vascular stent implantation in porcine models. Sustained local delivery of
dexamethasone was found to have a potent anti-inflammatory and anti-fibrotic effect
in this case [160].

Pires et al. [161] also studied the effect of localised

dexamethasone delivery from drug eluting stents on restenosis in arteries using a rat
model.

It was found that local delivery of dexamethasone did inhibit arterial

thickening around the implant however adverse morphological changes were
observed indicating a loss of vascular integrity [161]. Chorny et al. [162] studied the
use of biodegradable poly(lactide)-poly(ethyleneglycol) copolymer films for sitespecific dexamethasone delivery. Local dexamethasone delivery was found to be
promising for the prevention of post-operative pericardial adhesions in the rabbit
models studied whilst minimising the adverse effects associated with systemic
delivery [162].
A biodegradable dexamethasone delivery system called Surodex has been developed
by Oculex Pharmaceuticals Inc. for the treatment of intraocular inflammation
associated with cataract surgery [163-166].

This system uses a biodegradable

poly(lactic-co-glycolic acid) (PLGA) implant containing dexamethasone, which can
be placed in the eye during cataract surgery. It has been demonstrated that this
system successfully reduces the intraocular inflammation associated with cataract
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surgery making it a promising alternative for traditional topical administration [163,
164].

The use of degradable microspheres has also been investigated for

dexamethasone release. Materials used in such systems include PLGA microspheres
with poly(vinyl alcohol) hydrogels [167], alginate microspheres coated with various
polyelectrolytes [168], poly(dimethyldiallyl ammonium chloride) with sodium
poly(styrene sulfonate) and gelatin deposited in a layer-by-layer manner onto the
surface of dexamethasone particles [169].
In addition to degradable systems, conducting polymers have also been studied for
the release of dexamethasone.

Abidian et al. [66] developed a system using

biodegradable fibres loaded with dexamethasone which were then coated with
poly(3,4-ethylenedioxythiophene) (PEDOT). This system was studied as a possible
treatment for the inflammatory response associated with neural prosthetic devices.
The release of the dexamethasone derivative dexamethasone phosphate disodium salt
(Dex) (Figure 1.7) from conducting polymers has also been reported. The presence
of the phosphate group makes the molecule anionic in nature and it can therefore be
directly incorporated into a conducting polymer as a dopant ion during synthesis.

O

-

+

-

+

O Na
P

O
HO

O
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H3C
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F

CH3
H

O
Figure 1.7 Chemical structure of dexamethasone phosphate disodium salt (Dex).
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The incorporation and release of Dex from PPy was first reported by Massoumi and
Entezami [128] where composite bilayer PPy films were stimulated with constant
reducing potentials to increase Dex release. Dex release from PPy has been studied
by Wadhwa et al. [64], where release was stimulated using cyclic voltammetry, and
more recently, by Leprince et al. [67] who studied the release of Dex from
nanostructured PPy electrodes. Both these studies investigated the use of Dex for
reducing inflammation at neural electrode interfaces. The use of galvanic coupling
for the stimulation of Dex release from PPy has also been investigated with possible
application to the reduction of inflammation associated cardiac stent implantation
[131].

1. 5 Thesis aims
As reviewed in this chapter conducting polymers possess unique redox switching
properties which make them suitable for application to controlled release of drugs.
However, to date, only PPy has been studied for the direct incorporation and release
of drugs and other therapeutic agents via the doping and de-doping mechanisms of
the polymer.

This project aims to study the application of another conducting

polymer, polyterthiophene, as a substrate for the incorporation and release of the
anionic drug dexamethasone phosphate.
To summarise, the main aims of this project were:
 To prepare polyterthiophene doped with dexamethasone phosphate, and
subsequently release the drug in a controlled manner at therapeutically relevant
levels.
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 To develop composite structures containing polyterthiophene doped with
dexamethasone and to determine how the composite structure affected the
chemical and release properties of the polyterthiophene substrate.
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2 GENERAL EXPERIMENTAL
2. 1 Introduction
Details of the materials and general experimental techniques used throughout this
project are given in this chapter. Further information on specific techniques is given
in the experimental section of the relevant chapters.

2. 2 Reagents & Materials
2.2.1 Reagents
2,2’:5’,2”-terthiophene (TTh, > 99%, Sigma-Aldrich), dexamethasone 21-phosphate
disodium salt (Dex, ≥ 98%, Sigma-Aldrich), tetrabutylammonium perchlorate
(TBAP, Sigma-Aldrich, purum grade), sodium chloride (NaCl, Ajax, analytical
reagent), chitosan (medium molecular weight, Sigma), p-toluene sulfonic acid
sodium salt (PTS) (Merck, Germany), acetonitrile (Scharlau, HPLC grade), glacial
acetic acid (Ajax, analytical grade), TritonX-100 surfactant (Aldrich, Australia),
methanol (Ajax, analytical reagent) and hydrochloric acid (32%, Ajax, analytical
reagent) were all used as received. DNA (M w 6.0 x 106 Da – lot no. 04056) purified
from salmon sperm was obtained from Nippon Chemical Feed, Japan. Phosphate
buffered saline (PBS, pH 7.4) was prepared using standard PBS tablets (Merck,
Germany) dissolved in MilliQ water (18 MΩ/cm) containing sodium chloride
(0.15 M). Pyrrole (Py, Merck, > 97%) was distilled prior to use and stored under
nitrogen at –20 ºC.

The water used throughout this work was MilliQ grade

(18 MΩ/cm).
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2.2.2 Materials
Gold-coated mylar was purchased from CP Films Inc. (USA) and was rinsed with
MilliQ water then methanol and dried before use. Indium tin oxide (ITO) coated
glass purchased from Delta Technologies Ltd. (Stillwater, USA) was cleaned with
acetone and dried before use. Single-walled carbon nanotubes (SWNTs) produced
by the high-pressure carbon monoxide (HiPCO) process were obtained from Carbon
Nanotechnologies Inc. (lot no. PO317). Magnesium alloy AZ31 (96% magnesium,
3% aluminium and 1% zinc) was purchased from Goodfellow (USA). Magnesium
alloy AZM (90.5% magnesium, 8% aluminium, 0.5% zinc, 1% manganese) was
provided by Boston Scientific.

2. 3 Electropolymerisation of conducting polymers
2.3.1 Instrumentation
Electrochemical deposition of conducting polymers was carried out using an eDAQ
(Australia) potentiostat (model EA161) controlled by eDAQ Chart™ software
(v.5.2.18).

2.3.2 Electrochemical cell design
A conventional three electrode electrochemical cell was used for all electrochemical
polymerisation experiments. The cell consisted of a working electrode (gold mylar
or ITO glass), a counter electrode (Pt mesh or sheet) and a reference electrode. For
aqueous systems an aqueous reference electrode (Ag/AgCl in 3 M NaCl) was used
and for organic systems a non-aqueous reference electrode was employed (Ag/Ag+
reference electrode in 0.01 M AgNO3 with 0.1 M TBAP in acetonitrile). To achieve
reproducible electrode spacing a 3.5 mL square glass cuvette was used for the cell.
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The working and counter electrodes were positioned on opposite sides of the cell
with the reference electrode between them.

A schematic diagram of the

electrochemical cell configuration is shown in Figure 2.1.

Specific polymer

deposition parameters for different polymer films will be detailed in the relevant
chapters.

Reference electrode
Salt bridge
Working electrode

Counter electrode

Deposited
polymer
Monomer solution
Figure 2.1 Electrochemical cell arrangement used for electrochemical polymerisation.

2. 4 Preparation of carbon nanotube substrates
2.4.1 Dispersions
Single-walled carbon nanotube (SWNT) dispersions were prepared using different
surfactants. All solutions containing dispersant and nanotubes were dispersed using
probe sonication (Branson Digital Sonicator). Samples were dispersed using pulsed
ultrasonication for varying durations at varying vibration amplitudes. The specific
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dispersion preparation parameters are given in the relevant chapters. The quality of
the resulting dispersions was analysed by placing a small sample between two glass
slides and imaging with transmission light microscope (Leica DFC microscope)
coupled with Leica application suite software (v. 2.4.0).

2.4.2 Dropcast films
Drop cast films were prepared by casting aliquots of the dispersion onto a gold mylar
substrate with a masked area of 0.9 cm2. Once cast, the films were allowed to dry in
air for 24 hours.

2.4.3 SWNT papers
To form papers of SWNTs, the prepared dispersions were vacuum filtered through a
PVDF membrane (0.22 µm) to form porous sheets. Following filtration, papers
formed with TritonX-100 as the dispersant were washed with MilliQ water and
methanol to remove any excess surfactant.

Papers which were formed with

biomolecule dispersants were not rinsed so that the biomolecule remained
incorporated into the paper.

2. 5 Characterisation techniques
All characterisation of polymer films was performed at ambient temperature (ca.
20 ºC) in laboratories with variable humidity.

2.5.1 Electrochemical characterisation
The electrochemical properties of post-deposition polymer films were studied using
cyclic voltammetry (CV).

CV experiments were carried out using an eDAQ

potentiostat system (model EA161) controlled by eDAQ EChem software (v.2.0.7).
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For all CV experiments, a conventional three electrode electrochemical cell was
used, with working electrode, counter electrode (Pt mesh) and appropriate reference
electrode (as detailed in Section 2.3.2) for the electrolyte system being used. During
the CV experiment the potential was swept between suitable upper and lower limits
which were determined for each polymer, while the current was monitored.
CV is a potentiodynamic technique whereby the potential applied to the working
electrode is swept linearly with time to a set end point; the potential scan is then
reversed. The current at the working electrode is plotted against the applied potential
to yield a cyclic voltammogram (Figure 2.2).

CV can be used to study the

electrochemical properties of materials deposited on the working electrode, for
example conducting polymers.

CV analysis of conducting polymers can give

information including the potentials at which the polymer is oxidised and reduced,
represented by the peak cathodic and anodic potentials respectively (Figure 2.2).
When the peak cathodic and anodic currents are equal in magnitude the electrode
reaction is said to be reversible, which means that the redox reaction is fast enough to
maintain the equilibrium concentrations of reactants and products at the electrode
surface as the potential applied is changed [1]. In a reversible system the difference
in potential between to cathodic and anodic peaks (or peak separation) can be
calculated using Equation 2.1.

Equation 2.1

(mV)
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where Epa and Epc are the peak anodic and cathodic potentials respectively, n is the
number of electrons in the half reaction, R is the universal gas constant
(8.314 J/K/mol), T is the absolute temperature and F is the Faraday constant
(9.648 C/mol). When a reaction is irreversible, the peak separation between the
cathodic and anodic peaks increases.

4.0
Epc

3.0

Current (µA)

2.0

ipc

1.0
0.0
-1.0
ipa
-2.0
-3.0
-4.0
-0.2

Epa

0.0

0.2

0.4

0.6

Potential vs. Ag/AgCl (V)

Figure 2.2 Typical cyclic voltammogram with ipa and ipc representing the peak current at the anode
and cathode respectively. Epa and Epc indicate the peak potential at the anode and the cathode
respectively.

This redox switching of conducting polymer substrates is often not completely
reversible and major differences can be observed between the initial and subsequent
potential cycles (hysteresis phenomena) [2].

During redox processes extensive

reorganisation of the polymer structure occurs, particularly from a solvation aspect,
which results in swelling of the polymer upon doping. When the potential scan is
then reversed, relaxation processes occur, causing hysteretic behaviour. The CV
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signal observed for conducting polymers is generally broad, due to a distribution of
oxidation and reduction potentials within the polymeric system caused by the high
polydispersity of the materials [2].

2.5.2 Fourier transform infrared spectroscopy
Solid-state Fourier transform infrared spectroscopy (FTIR) was carried out on a
Shimadzu IRPrestige-21 spectrometer by specular reflectance with a Spec30
attachment (Pike Technologies).

FTIR spectra of post-deposition films were

obtained for a wavenumber range of 2000-400 cm-1.
Infrared spectroscopy is a technique which can be used for the identification and
structural characterisation of compounds by measuring the absorption of radiation in
the infrared region of the electromagnetic spectrum (400 to 4000 cm-1). The bonds
within a molecule absorb radiation causing them to vibrate, with the simplest
vibration modes being the bending and stretching modes [3]. The wavelength of the
absorbed radiation is characteristic of the bond which absorbed it; therefore infrared
spectroscopy can be used to obtain a molecular fingerprint for compound
identification. However, in order for absorption of infrared radiation to occur, the
bond must contain a dipole moment which changes as a function of time [3]. This
means that symmetrical bonds, for example those in N2 or O2, do not absorb infrared
radiation. However, most organic molecules contain a large degree of asymmetry
and polyatomic compounds give rise to complex yet unique spectra which allow for
‘fingerprint’ identification [4].

Fourier transform infrared spectrophotometers

produce a pattern called an interferogram, which is a complex plot of intensity versus
time. However, from a chemical analysis perspective, a plot of intensity versus
frequency is more suitable. Fourier transform is a mathematical operation which
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separates absorption frequencies from the interferogram to produce a spectrum [3].
This technique is known as Fourier transform infrared spectroscopy (FTIR).
In this work FTIR was used to qualitatively demonstrate the presence of dopant
molecules, particularly dexamethasone phosphate, within polymer films after
synthesis.

2.5.3 Solid-state UV-visible spectroscopy
Solid-state UV-visible (UV-vis) spectra of films were obtained using a Shimadzu
UV-3600 UV-vis-NIR spectrophotometer with integrated sphere attachment
controlled via UVProbe (v. 2.10) software. Spectra of films were recorded between
280 and 2600 nm.
UV-vis spectroscopy utilises the absorption of molecules in the UV and visible
region of the electromagnetic spectrum, where wavelengths are in the range of
190 nm to 800 nm [5]. The absorption of UV-visible radiation causes the excitation
of electrons within a molecule to a higher energy state. Electrons are excited from a
ground state to one of several vibrational levels in the electronic excited states,
causing the peaks in a UV spectrum to be broad. The electrons within weaker bonds
in a molecule absorb radiation at longer wavelengths (lower energy), for example
weaker π bonds require less energetic radiation to obtain the π* excited state,
compared to σ bonds which would become excited and break when exposed to
radiation of ca. 150 nm, causing the molecule to break apart [6]. The greater the
extent of conjugation within a system, the longer the wavelength of the radiation
absorbed will be [6]. Extended systems of conjugation such as those found in
conjugated polymers are also termed ‘chromophores’.
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UV-vis spectroscopy is a versatile tool which can be used to characterise
conformational and structural properties of conducting polymer systems. The optical
properties of conducting polymers are important to the understanding of the
electronic structure of the material. UV-vis spectroscopy can be used to probe the
electronic processes occurring in a conducting polymer system in both the doped and
undoped state [7]. The absorption maximum (λmax) of a conducting polymer is
directly related to the extent of conjugation within the polymer system [7]. This
maximum absorption is due to the π-π* transition of electrons between the highest
occupied molecular orbital and the lowest unoccupied molecular orbital (or band
gap) in the polymer. In addition to the maximum absorption band, other bands can
also be observed when the polymer is in a doped state. These additional bands
correspond to transitions of electrons between charge storage states, including
polarons and bipolarons [7].

2.5.4 Raman spectroscopy
Raman spectra were obtained using a Jobin Yvon Horiba HR800 Raman
spectrometer with LabSpec software. Laser wavelengths of 632.8 nm and 785 nm
were used, with a diffraction grating of 300 lines/mm and 100x magnification
employed. Detailed information on specific Raman experiments will be given in the
relevant chapters.
Raman spectroscopy is a valuable characterisation technique which can be used to
probe the molecular structure of conducting polymers, including determination of the
oxidation state.

Raman spectroscopy also provides information on vibrational,

rotational and electronic transitions within these materials. Importantly, Raman is
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insensitive to the interference of water therefore allowing in situ analysis of samples
in solution.
To obtain a Raman spectrum, a sample is irradiated with a laser beam of a specific
frequency, this radiation maybe reflected, absorbed or scattered by the sample.
Scattered radiation can be at the same wavelength as the incident radiation (Rayleigh
scatter) or at a higher (anti-Stokes Raman scatter) or, more commonly, a lower
wavelength (Stokes Raman scatter). The shift in wavelength of the Stokes scattered
radiation is characteristic of the bonds in the sample and gives information on the
chemical and structural properties of the sample being analysed [8]. .
Raman spectroscopy is also a very useful tool for the characterisation of carbon
nanomaterials, for example carbon nanotubes. Raman gives information on the
normal vibrational modes within carbon nanotubes, as well as being able to probe the
diameters of nanotubes within a sample [9]. The characteristic bands observed for
single-walled carbon nanotubes (SWNTs) are the radial breathing modes, as well as
the D-, G- and G’- bands.

The radial breathing modes are unique to carbon

nanotubes when compared to other sp2 carbons and these modes are caused by all the
atoms in the nanotube vibrating in phase in a radial direction [10] (demonstrated in
Figure 2.3). The D-band can be used to evaluate defects occurring in a sample and it
can also be used to monitor sidewall modifications in nanotube functionalisation
[11]. The D-band is commonly seen in spectra of samples containing sp 3 carbons,
for example disordered graphite, as well as in the Raman spectra of SWNT bundles
[12]. The G-band (or ‘tangential mode’) can be used to determine whether the
SWNTs in a sample are metallic or semi-conducting in nature [13]. Generally for
SWNTs the two most intense G-bands are labelled G+ and G-. G+ is due to atomic
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displacements along the axis of the tube and G- is caused by atomic displacement
along the circumferential direction [14], these vibrations are demonstrated in Figure
2.3. It is the line shape of the G- band in particular which shows whether the SWNTs
in a sample are metallic or semi-conducting [15, 16].

G+

G–

Figure 2.3 Schematic picture showing the atomic vibrations which correspond to the RBM and the Gband modes in the Raman spectra of SWNTs (adapted from Jorio et al. [14]).

2.5.5 Scanning electron microscopy
Scanning electron microscope (SEM) images were obtained on a JEOL7500 field
emission scanning electron microscope (FESEM) at typical voltages of 5 kV.
Samples were sputter-coated with a thin layer (ca. 5 nm) of gold to obtain clearer
images and to avoid charging of samples.
SEM uses an accelerated beam of electrons, rather than a beam of light, to image the
surface of a sample. The electrons interact with atoms in the sample generating
signals which give information on the topography, morphology and composition of
the sample.

The signals produced include secondary electrons, backscattered
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electrons, diffracted backscattered electrons, photons, visible light, and heat [17]. It
is secondary electrons which are detected and used to produce high resolution SEM
images of the sample.
2.5.5.1 Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDS) analysis was carried out using a JEOL
hyper-minicup EDS in conjunction with JEOL7500 field emission scanning electron
microscope (FESEM). Polymer films were rinsed with MilliQ water for 10 minutes
and then dried prior to analysis to minimise the influence of non-doping, surface
adsorbed species.
EDS is an analytical technique which can be used for elemental analysis of
substances by detecting X-rays emitted by the sample upon bombardment with an
electron beam [17]. The X-ray energy is characteristic of the element from which it
was emitted. EDS was used to qualitatively analyse the presence of dexamethasone
phosphate in the polymer films by detecting the X-ray signal for fluorine. The
results were used to subsequently estimate the doping ratio of the polymer.

2.5.6 Goniometry
The wettability of polymer films was determined using a DataPhysics OCA20
goniometer controlled via SCA21 software. Contact angle measurements of sessile
drops were obtained under ambient laboratory conditions in air. The contact angle of
2 μl drops of test liquid were measured in a minimum of three different positions on
each polymer film. This was carried out on triplicate films in each case and the mean
contact angle with relative standard deviation (RSD) reported as θ ± RSD (for
example 20 º ± 4). The contact angle was measured at 60 second intervals for
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5 minutes after the drop was on the polymer film allowing immediate changes in
contact angle to be observed.
The contact angle (θ) is the angle at which a liquid or vapour droplet meets a solid
surface (Figure 2.4). The contact angle of a liquid droplet, for example water, placed
on the surface of a material can be used to quantify the extent of interaction between
the water and the material. The contact angle of a liquid is described by Young’s
equation (Equation 2.2), where θ is the contact angle at equilibrium with γlv, γsv and
γsl representing the surface tension of the liquid-vapour, solid-vapour and solid-liquid
interfaces respectively [18].
Equation 2.2
The smaller the contact angle is, the greater the interaction is between the liquid and
the material. When the liquid used is water, a smaller contact angle corresponds to
the material being more hydrophilic and can be said to have greater wettability.

γlv

Vapour

γsv

Liquid

θ

γsl

Solid

Figure 2.4 Schematic representation of the contact angle (θ) formed between a liquid and a solid with
a surrounding vapour phase. The surface tensions of the liquid-vapour, solid-vapour and solid-liquid
interfaces are represented by γlv, γsv and γsl respectively. Figure adapted from [19].
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2.5.7 Open circuit potential
The open circuit potential (OCP) of polymer films was measured and monitored
using a Gamry Electrochemical Impedance Spectrometer 3000™ system with Gamry
Instruments Framework software (v. 5.50). A three electrode electrochemical cell set
up was used. The actual cell was a 3.5 mL glass cuvette with aqueous Ag/AgCl
reference electrode, Pt sheet counter electrode and polymer coated gold mylar
working electrode. The set up was designed to directly replicate that used for release
experiments, and also to ensure consistency of electrode spacing between
experiments so that consistent results could be obtained. The electrolyte used in all
OCP experiments was PBS (ca. 3 mL). The open circuit potential of the polymer
films was monitored over a minimum of 4 hours with potential readings recorded
every 5 seconds. The potential was plotted against time to obtain a potential profile
which could then be correlated with the observed release.
The open circuit potential of a system is the potential of the working electrode
relative to the reference electrode in a cell when no external potential or current is
being applied [20]. The reference electrode provides a stable reference potential for
the measurement of the potential at the working electrode [21]. Monitoring of the
OCP of a cell over time provides a more accurate measurement as this allows time
for the cell to stabilise and reach equilibrium.

2.5.8 Electrochemical quartz crystal microbalance
Electrochemical quartz crystal microbalance (EQCM) measurements were obtained
using a Stanford Research Systems QCM200, in conjunction with an eDAQ
potentiostat system controlled by eDAQ Chart™ software (v.5.2.18), with the
equipment arranged as shown in Figure 2.5. Chromium/gold crystals (5 MHz Au/Cr
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crystal sensor, 2.54 cm diameter) were used for all EQCM experiments. Polymer
films were deposited on the gold-coated quartz crystal (1.27 cm2 working electrode
area). Specific deposition parameters are given in the relevant chapters. The QCM
was used to measure the frequency (Hz) and motional resistance (Ω) of the polymer
deposited during growth. Post-deposition films were rinsed thoroughly with MilliQ
water, and then immersed in PBS solution (ca. 5 mL) in the QCM cell.

The

frequency (Hz) and motional resistance (Ω) of the films were monitored in situ
during constant potential stimulation.
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Connection
from QCM to
potentiostat
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(b)
Gold-coated
quartz crystal
working electrode

QCM

Counter
electrode
(Pt mesh)

QCM cell
Figure 2.5 Schematic diagrams to show (a) the arrangement of equipment for EQCM experiments and
(b) the overhead view of the QCM cell to show the counter electrode placement for EQCM
experiments.

QCM can be used to measure the frequency (Hz) of oscillation of the quartz crystal
and the motional resistance (Ω) of a polymer film deposited onto the quartz crystal.
The frequency of oscillation of the crystal is affected by the amount of polymer
deposited, and is inversely related to the mass of the polymer film. For elastic
materials, there is a linear relationship between the mass of material deposited on the
sensor surface (i.e. polymer) and the reduction in the oscillating frequency of the
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sensor crystal [22]. The frequency change (Δf) can be correlated to the change in
elastic mass (Δm) using the relationship first described by Sauerbrey in 1959
(Equation 2.3)

Equation 2.3
where f is the intrinsic resonant frequency of crystal, A the area of the electrode, µ
the shear modulus of quartz, ρ the density of quartz and Cf is the integrated crystal
sensitivity which is constant for crystals with the same resonant frequency [22].
However, the Sauerbrey equation is only valid for small elastic masses deposited on
the crystal surface and it becomes inaccurate for masses greater than approximately
2% of the crystal mass [23]. The motional resistance relates to the viscoelastic
properties of the deposited polymer, with an increase in motional resistance
corresponding to an increase in the molecular motion of the deposited polymer
causing it to behave increasingly like a viscous liquid [24].
EQCM can be used to measure the mass and energy dissipation properties of films
while simultaneously carrying out electrochemistry on polymer systems deposited
onto the surface of an oscillating quartz crystal. These measurements can be used to
describe the course of electropolymerisation of a film on the electrode or can be used
to study ion or solute transport within a film during changes in the film environment
or state [23].

2. 6 Controlled release experiments
2.6.1 Stimulated release
All stimulated release experiments were carried out in a three electrode
electrochemical cell with an aqueous reference electrode (Ag/AgCl in 3 M NaCl),
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counter electrode (Pt sheet) and a working electrode (polymer film). The electrolyte
used for release was PBS. Release conditions were controlled by eDAQ (Australia)
potentiostat (model EA161) and monitored using eDAQ Chart™ v.5.2.18 software.
For comparison, analogous experiments were carried out where no stimulation was
applied to the film (passive release). All release experiments were carried out in
triplicate. The specific stimulation protocols used will be detailed in the relevant
chapters.

2.6.2 Detection of dexamethasone phosphate
2.6.2.1 UV-visible spectroscopy
Dexamethasone phosphate (Dex) release was monitored using UV-vis spectroscopy.
Spectra were recorded using a Shimadzu UV-1601 spectrophotometer with UVProbe
(v. 2.10) software. The UV absorbance of Dex at λmax (242 nm) was measured for
standard Dex solutions in PBS at concentrations of 1, 5, 10, 25, 50 and 75 µM. The
resulting absorbencies were plotted against concentration to give a calibration curve
for Dex. This calibration curve was used to calculate the concentration of Dex
released from the measured absorbance of the release solutions. This concentration
was subsequently converted to a mass of Dex released.
As discussed in Section 2.5.3, UV-vis spectroscopy measures the absorption of
radiation in the UV-vis region of the electromagnetic spectrum by a molecule. The
absorbed radiation excites electrons within the molecule to a higher energy excited
state.

UV-vis spectroscopy is a commonly used method for the quantitative

determination of drug release from formulations over time due to it being an easy to
use, robust and relatively cheap technique. Quantitative measurements of a UV-vis
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absorbing compound in solution are governed by the Beer-Lambert law (Equation
2.4).

Equation 2.4

where Io is the intensity of the incident radiation, It is the intensity of the transmitted
radiation, A is the amount of light absorbed by a sample (or simply ‘absorbance’), ε
is the molar extinction coefficient (the absorbance of a 1 M solution of the analyte), b
is the path length of the cell (usually 1 cm) and c is the concentration of the analyte
in mol/L [6]. The absorbance of a solution becomes linear with concentration,
assuming that all absorbing particles behave independently. However, errors are
introduced when particles are in the same optical path causing a shadowing effect,
which can occur in highly concentrated solutions. Absorbance measurements in the
region of 0.1 to 1 are less affected by such errors and in this region absorbances
increase linearly with concentration.

By measuring the absorbance of standard

solutions of analyte at known concentrations, a calibration curve can be constructed
which can then be used to determine the concentration of an unknown solution from
its absorbance. The calibration plot should be linear and therefore the standard
solutions used should have absorbances in the region of 0.1 to 1 as discussed above.
2.6.2.2 In situ monitoring of release
To allow in situ monitoring of release from polymer films the release experiment was
set up in the UV spectrometer. Real-time release profiles were obtained using the
kinetics function of the UVProbe software which recorded the absorbance of the
release solution at 30 second intervals at Dex λmax (242 nm). The release solution
was gently stirred for the duration of all release experiments to assist the diffusion of
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the released drug at the electrode surface through the bulk solution. At the end of
each release experiment a UV spectrum (200 nm to 500 nm) of the release solution
was obtained in order to confirm the absence of interferences at the Dex λmax.
Electrochemically stimulated release was also carried out with in situ monitoring of
release. The configuration of the system for this is shown in Figure 2.6.
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Reference electrode

Counter electrode

Working electrode

Motor with stirrer bar
attached

Stirring bar

Path of spectrophotometer beam through
release solution
Figure 2.6 Electrochemical cell arrangement for in situ UV-vis monitoring of Dex release from
electrochemically stimulated polymer films.

2.6.2.3 Ex situ monitoring of release
For experiments where in situ monitoring was not used, release was monitored by
sampling and subsequent analysis of samples. Samples (0.5 mL) of the release
solution were taken by pipette at pre-determined time points.

To maintain the

volume of the bulk release solution (10 mL), samples were replaced with fresh PBS
solution (0.5 mL). The release solution was gently stirred for the duration of the
experiments, to assist diffusion of the released molecules though the bulk solution.
Solution samples were stored in a refrigerator at ca. 4 ºC until analysis could be
carried out.
Samples were analysed by UV-vis spectroscopy, with spectra recorded from 500 to
200 nm. The absorbance at 242 nm (λmax for Dex) was recorded and converted to a
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mass of Dex as described in Section 2.6.2.1. The results were then plotted against
time to obtain a release profile.
2.6.2.4 High-pressure liquid chromatography
High performance liquid chromatography (HPLC) was performed on a Shimadzu
LC-20 HPLC system controlled using LC Solution software (v. 1.23). The HPLC
system consisted of a degasser unit (DGU-20A), liquid chromatograph (LC-20DAD),
auto-sampler (SIL-20A), column oven (CTO-20A) and UV-visible detector (SPD20A). A mobile phase consisting of 50:50 v/v 0.02 M sodium dihydrogen phosphate
– methanol was used at a flow rate of 1 mL/min. Samples were filtered using PVDF
syringe filter (0.22 µm) prior to analysis and a sample volume of 20 µl was injected
onto the column (C18, Atlantis T3®, 4.6 mm × 150 mm) with the absorbance results
recorded at 242 nm using a UV-Vis detector.
HPLC is an analytical technique which can be used to separate, identify and quantify
the components in a mixture. A liquid mobile phase is pumped under pressure
through a column containing a stationary phase. A mixture is separated according to
the relative time spent by each component on the stationary phase, before being
eluted from the system. The column effluent is monitored and eluted compounds
detected. HPLC was utilised in this work to determine whether release solutions
contained species in addition to dexamethasone phosphate with UV absorptions at
242 nm.
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2.6.3 Detection of magnesium
2.6.3.1 Atomic absorption spectroscopy
Dissolved magnesium was quantified using a Varian Spectra AA 220 Atomic
Absorption Spectrometer. The atomic absorption of PBS solutions containing Mg at
concentrations of 10, 20, 30, 40 and 50 µg/mL was recorded.

The recorded

absorbencies were plotted against concentration to give a calibration curve for Mg.
This curve was used to determine the concentration of Mg dissolved in the galvanic
system from the absorbences recorded.
Atomic absorption spectroscopy is a highly specific technique which is used for the
determination of metals in solution. Metal atoms are volatised in a flame through
which a narrow band of radiation, produced by a hollow cathode lamp coated with
the metal to be determined, is being passed. The absorption of the volatised metal
atoms is measured to determine the metal content of the sample [25].
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3 POLYTERTHIOPHENE FOR CONTROLLED
RELEASE
3. 1 Introduction
Many advances in materials for controlled drug delivery have been made in recent
years, as was outlined in Chapter 1. Conducting polymers have received a great deal
of interest for biomedical applications [1-5]. Conducting polymers are electroactive
materials which possess redox properties allowing them to be reversibly switched
from the oxidised conducting state to the reduced non-conducting state. During this
switching process counter ions (or ‘dopants’) will move in and out of the polymer
matrix in order to maintain charge balance [6]. Significantly, drugs can be used as
dopant molecules for these materials. Of the conducting polymers researched for
drug release applications, polypyrrole has been extensively investigated [7-20].
However, minimal work in the area of controlled drug release has used
polythiophene and none, to the best of the candidates knowledge, have used
polythiophene derived from the 2,2’:5’,2”-terthiophene monomer (TTh) (Figure 3.1).
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Figure 3.1 Chemical structure of 2,2’:5’,2”-terthiophene (TTh).

Conducting polymers derived from the TTh monomer are of great interest as they
have electrochemical reversibility and are relatively easy to synthesise [21]. TTh has
the advantage of having a lower oxidation potential than either thiophene or
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bithiophene monomers. This makes electrochemical deposition of polymer films
more facile and means that the resulting polymer is less prone to irreversible overoxidation during the polymerisation process [22].

3.1.1 Polythiophenes: A class of conjugated polymer
Polythiophenes (PTh) are an important class of conjugated polymer due to their high
thermal stability, processibility, solubility and excellent conductivity when in a
doped state [23]. Polymerisation can be carried out via chemical and electrochemical
methods [24]. Electrochemical methods have been shown to produce polythiophenes
with the highest conductivity and a higher degree of conjugation on the polymer
backbone [24].

Electropolymerisation has several clear advantages over other

chemical synthesis techniques, for example catalysts are not required, the polymer
film can be directly deposited onto a substrate and controlling the deposition charge
provides control over the thickness of the deposited polymer [24]. Electrodeposition
of PTh can be performed under potentiodynamic [25, 26], potentiostatic [27] or
galvanostatic [28-30] conditions. The galvanostatic approach has generally been
shown to yield the most homogeneous films with the highest conductivity [24].
A significant problem with electrodeposition of PTh is that the polymer is unstable at
the potentials required to oxidise the monomer. This phenomenon is known as the
‘polythiophene paradox’ [31]. The potentials required to oxidise the thiophene (Th)
monomer cause over-oxidation of the resulting polymer, which proceeds via the
reaction shown in Figure 3.2 [32].
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Figure 3.2 Over-oxidation process of polythiophene.

In an attempt to overcome this, Wei et al. showed that the addition of a small
amount of bithiophene (BiTh) or terthiophene (TTh) monomer to the system
significantly reduced the potential required to polymerise Th [33]. It has also been
shown that starting with BiTh or TTh rather than Th monomer minimised overoxidation of the polymer [34, 35]. However, electrodeposited polymers formed from
BiTh or TTh have been shown to have significantly lower conductivities than those
formed from Th [24]. Many studies have been carried out using oligomeric starting
materials and although the synthesis conditions employed varied greatly, studies
consistently showed that using oligomeric starting materials produced polymers
which were significantly different from those produced from the Th monomer [24].
In other work, Roncali et al. showed that increasing the chain length of the starting
materials increased the oxidation potential of the resultant polymer, while
concurrently decreasing the conjugation length of the polymer chain [28].
Polybithiophene (PBiTh) and polyterthiophene (PTTh) have been shown to have
lower conductivites than PTh, which Zotti and Schiavon attributed to a decrease in
the average length of the conjugated π-system [26].
There has been much discussion in the literature regarding the specific mechanistic
steps involved in PTh formation, especially from oligomeric starting materials. The
specific role of oligomeric units in the initiation and propagation of polymerisation
has been a subject for debate [24]. It is generally recognised that the first step in
electropolymerisation is oxidation of the monomer unit to form a radical cation. This
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cation then reacts with other monomer units forming the polymer structure [33] as
shown in Figure 3.3.
The mechanism described by Wei et al [33] was developed to account for the effects
observed when small amounts of BiTh or TTh were added to monomer system. The
polymerisation of Th involves the removal of 2 electrons for each monomer unit
incorporated into the polymer chain [36, 37].

During polymerisation, the

heterocyclic rings can be linked through bonding at the α- or β- (i.e. the 2- or 3- )
position, as shown in Figure 3.4. The Th monomer units have been shown to be
incorporated into the polymer chain predominantly through α,α-linkages as this site
has greater reactivity than the β-position [33]. PTh consisting of mainly α,α-linkages
has the greatest conductivity [38] due to the greater extent of conjugation on the
polymer backbone [28]. In order to increase the quantity of α,α-linkages and reduce
the number of defects within polymer chains groups have tried several different
methods, including using short chain oligomer starting units such as BiTh or TTh
[28, 31].
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PTh is usually polymerised from non-aqueous solvent systems due to the greater
solubility of the Th monomer in this medium [38]. Acetonitrile is a commonly used
solvent in PTh synthesis [22, 27, 28, 34, 37]. Sarac et al. have shown it to be the
most suitable solvent for TTh polymerisation from several solvents investigated [25].
Beck and Barsche demonstrated that the presence of water in an organic monomer
system significantly reduces the efficiency of the electropolymerisation process of
Th [39]. Due to the insolubility of BiTh in water, it has not been polymerised from
aqueous media without the presence of a surfactant such as sodium dodecyl sulphate
or β-cyclodextrin [40, 41]. However, Hu et al. reported the synthesis of PBiTh from
a mixed organic/aqueous solvent system without the need for a surfactant [42]. It
was shown that using a mixed acetonitrile/water solvent system significantly lowered
the polymerisation potential of BiTh, with the potential decreasing as the volume
ratio of water to acetonitrile increased.

Despite the presence of water in the

monomer system the resulting polymer was shown to have a very similar chemical
structure to PTh synthesised in organic media [42]. However, the morphology and
electrochemical properties of the resultant polymer were affected by the
water/acetonitrile ratio, with an increase in the volume ratio of water to acetonitrile
resulting in a higher rate of charge migration [42].

3.1.2 Biomedical applications of polythiophenes
From the literature, little work has been carried out using PTh for biomedical
applications, research has been very much focused on the PTh analogue poly(3,4ethylenedioxythiophene) (PEDOT) (Figure 3.5). PEDOT has been shown to be
highly conducting [43] due to substitution at the 3,4-positions which prevent the
formation of α,β and β,β mislinkages which can reduce the conductivity of the
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polymer backbone. Unlike PTh, PEDOT can be synthesised from aqueous media
[44-46]. The presence of a surfactant for example poly(styrene sulfonate) (PSS) [47,
48] in the monomer system can lower the oxidation potential of the monomer,
making polymerisation from aqueous media more facile [49, 50].
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n

Figure 3.5 Chemical structure of poly(3,4-ethylenedioxythiophene) (PEDOT).

PEDOT has been used for several biomedical-type applications including as a
coating for neural probes and electrodes to improve signal at the tissue/electrode
interface [51-53], as well as being employed to improve the biocompatibility at such
interfaces [54-56]. PEDOT has been successfully deposited around living neural
cells [57] and within muscle tissue constructs [58], and has been used in biosensing
applications [59] for compounds including glucose [60, 61], alcohol [62] and
dopamine [63].

PEDOT has also been incorporated into devices designed for

controlled drug release [64], and it has been demonstrated that biological agents, for
example, adenosine 5’-triphosphate (ATP) [65] and neurotrophic growth factors [66]
can be incorporated into the polymer during synthesis. .

3.1.3 Chapter aims
This chapter details the use of polyterthiophene (PTTh) as a substrate for the
controlled release of dexamethasone phosphate disodium salt (Dex) (Figure 3.6) a
synthetic glucocorticoid anti-inflammatory drug. Optimisation of the electrochemical
72

Chapter 3

Polyterthiophene for controlled release

polymerisation conditions of 2,2’:5’,2”-terthiophene are investigated with the effect
of the presence of water in the monomer solution on the physical and electrochemical
properties of the resulting polymer also studied. The release of the drug from the
polymer is then studied both with and without electrical stimulation, to determine
whether control of drug release could be achieved.
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Figure 3.6 Chemical structure of dexamethasone phosphate disodium salt (Dex).

3. 2 Experimental
Additional experimental details are given in Chapter 2.

3.2.1 Reagents & Materials
2,2’:5’,2”-terthiophene (TTh, > 99%, Sigma-Aldrich), dexamethasone 21-phosphate
disodium salt (Dex, ≥ 98%, Sigma-Aldrich), sodium chloride (NaCl, Ajax, analytical
reagent), tetrabutylammonium perchlorate (TBAP, Sigma-Aldrich, purum grade),
acetonitrile (Scharlau, HPLC grade), and methanol (Ajax, analytical reagent) were all
used as received. Phosphate buffered saline (PBS, pH 7.4) was prepared using
standard PBS tablets (Merck, Germany) dissolved in MilliQ water (18 MΩ/cm)
containing sodium chloride (0.15 M).
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Gold-coated mylar was purchased from CP Films Inc. (USA) and was rinsed with
MilliQ water then methanol and dried before use.

3.2.2 Electropolymerisation
Polyterthiophene (PTTh) films doped with dexamethasone phosphate (Dex) were
electrochemically synthesised by galvanostatic deposition on gold-coated mylar
(masked to an area of 0.9 cm2) at a range of current densities between 0.11 and
0.44 mA/cm2 and deposition times of 10, 20, 30 and 60 minutes, using an eDAQ
(Australia) potentiostat controlled by eDAQ Chart™ software (v.5.2.18).

All

materials were prepared using a three electrode electrochemical cell as described in
Chapter 2 (Section 2.3.2). The films were grown from 20 mM terthiophene (TTh)
and 5 mM Dex in 1.5 mL of 15% v/v MilliQ water in acetonitrile, which was purged
with nitrogen before use. A mixed solvent system was necessary to obtain optimal
solubility of the monomer and the drug.
The effect of water in the monomer solution on the resultant polymer was
investigated using PTTh films doped with tetrabutylammonium perchlorate (TBAP).
Films were electrochemically synthesised by galvanostatic deposition at 0.25 mA
(0.28 mA/cm2) for 15 min from 20 mM TTh and 5 mM TBAP in monomer solutions
containing various concentrations of water in acetonitrile (0%, 15% and 20% v/v).
All monomer solutions were purged with nitrogen before use. The electrochemical
cell was a 3.5 mL glass cuvette with a three electrode system comprised of a nonaqueous Ag/Ag+ (0.01 M AgNO3 in 0.1 M TBAP) reference electrode, platinum
sheet counter electrode and gold disc or gold-coated mylar (gold mylar) working
electrode with geometric surface areas of 0.020 cm2 and 0.9 cm2 respectively. Post-
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deposition films were rinsed for 10 minutes each in acetonitrile and MilliQ water and
allowed to air dry for at least 24 hours before use.

3.2.3 Characterisation of PTTh films
3.2.3.1 Cyclic voltammetry
Electrochemical characterisation was carried out by cyclic voltammetry (CV) with an
eDAQ potentiostat system controlled by eDAQ EChem software (v.2.0.7). A three
electrode system was used with platinum counter electrode, gold mylar coated with
PTTh as the working electrode and a reference electrode. For aqueous systems an
aqueous reference electrode (Ag/AgCl in 3 M NaCl) was used and for organic
systems an organic reference electrode was employed (Ag/Ag+ reference electrode in
0.01 M AgNO3 with 0.1 M TBAP in acetonitrile). Cyclic voltammograms (CVs)
were carried out in aqueous and non-aqueous electrolytes, which were purged with
nitrogen before use. The electrolyte solution in aqueous systems contained PBS
(10 mL). The electrolyte solution in non-aqueous systems contained 0.1 M TBAP in
acetonitrile. Potential scans were carried out between 0 V and +0.75 V at a scan rate
of 50 mV/s. The potential was initially swept in the anodic direction.
3.2.3.2 Raman spectroscopy
Raman spectra were obtained using a Jobin Yvon Horiba HR800 Raman
spectrometer with LabSpec software. A laser wavelength of 632.8 nm was used with
a diffraction grating of 300 lines/mm and 100x magnification employed.
3.2.3.3

Specular reflectance Fourier transform infrared spectroscopy

Solid-state Fourier transform infrared spectroscopy (FTIR) was carried out on a
Shimadzu IRPrestige-21 spectrometer by specular reflectance with a Spec30
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FTIR spectra of post-deposition films were

obtained in the wave number range of 2000-400 cm-1.
3.2.3.4 Solid-state UV-visible spectroscopy
Solid-state UV-vis spectra of films were obtained using a Shimadzu UV-3600 UVvis-NIR spectrophotometer with integrated sphere attachment controlled via
UVProbe (v. 2.10) software. Spectra of films were recorded between 280 and
2600 nm.
3.2.3.5 Contact angle measurement
The wettability of polymer films was determined using a DataPhysics OCA20
goniometer controlled via SCA21 software.

Contact angle measurements were

obtained under ambient laboratory conditions in air. The contact angle of 2 μL drops
of test liquid were measured in a minimum of three different positions on each
polymer film. This was carried out on triplicate films and the mean contact angle
with relative standard deviation (RSD) reported as θ ± RSD (for example 20º ± 4).
The contact angle was measured at 60 second intervals for 5 minutes after the drop
was on the polymer film. This allowed immediate changes in contact angle to be
observed.
3.2.3.6 Scanning electron microscopy
Scanning electron microscope (SEM) images of post-deposition films were obtained
using a JEOL7500 field emission scanning electron microscope (FESEM) at typical
voltages of 5 kV. Samples were sputter-coated with a thin layer (approximately
5 nm) of gold to obtain clearer images and to avoid charging of samples.
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3.2.3.7 Energy-dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDS) analysis was carried out using a JEOL
hyper-minicup EDS in conjunction with JEOL7500 field emission scanning electron
microscope (FESEM). Sulphur X-ray peaks, characteristic of PTTh, and fluorine
and phosphorous X-ray peaks, characteristic of Dex, were analysed to estimate the
doping ratio of the PTTh and subsequently calculate the theoretical incorporation of
Dex as a dopant. All PTTh films doped with Dex were washed with MilliQ water for
10 minutes and then dried prior to analysis to minimise the influence of non-doping,
surface adsorbed Dex.
3.2.3.8 Open circuit potential measurement
The open circuit potential (OCP) of polymer films was measured and monitored
using a Gamry Electrochemical Impedance Spectrometer 3000™ system with Gamry
Instruments Framework software (v. 5.50). A three electrode electrochemical cell set
up was used as described in Chapter 2 (Section 2.3.2), with PBS (ca. 3 mL) as the
electrolyte. The open circuit potential of the polymer films was monitored over a
minimum of 4 hours with potential readings recorded every 5 seconds. The potential
was plotted against time to obtain a potential profile which could then be correlated
with the observed Dex release profiles.

3.2.4 Controlled release parameters
3.2.4.1 Stimulation protocols
Stimulated release experiments were performed by the method described in Chapter
2 (Section 2.6.1). Two electrical stimulation protocols were investigated in this
study; constant potential stimulation at 0 V and +0.6 V vs. Ag/AgCl reference and
square wave pulsed potential from 0 V to +0.6 V at a frequency of 1 Hz. Each
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release protocol was continuously applied for the duration of the release experiment
(24 h).
3.2.4.2 Detection of dexamethasone phosphate
The release of Dex was monitored in situ using the method described in Chapter 2
(Section 2.6.2.2).
3.2.4.3 Statistical analysis and modelling of release results
Statistical analysis of the cumulative release of Dex from unstimulated and
stimulated polymer films was made using a standard t-test. Analysis was carried out
using Sigmaplot (v. 11) software.

3. 3 Results & Discussion
3.3.1 Optimisation of electropolymerisation parameters
3.3.1.1 The solvent
In previous work, polyterthiophene (PTTh) has been synthesised from acetonitrile
[22, 25, 27].

In this study, acetonitrile alone proved to be unsuitable as the

dexamethasone phosphate (Dex) dopant was insoluble in this solvent. Dex has
however been successfully used as a dopant in polypyrrole synthesised under
aqueous conditions [12, 67]. Significantly, it has been reported that polybithiophene
can be polymerised from a mixed acetonitrile/water solvent system [68]. Initially in
this study a range of concentrations of water in acetonitrile were tested until both the
monomer and the dopant were solubilised. The optimal solvent system suitable for
the Dex dopant and terthiophene (TTh) monomer was found to be 15% v/v
water/acetonitrile. It was found that Dex could not be solubilised in acetonitrile with
less that 15% water (v/v). PTTh films doped with tetrabutylammonium perchlorate
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were

polymerised

from

monomer

solutions

containing

various

concentrations of water and the resultant films were characterised to analyse physical
and chemical properties of the films. The results were compared to those obtained
for PTTh·TBAP films polymerised from 100% acetonitrile solution to observe if the
presence of water in the monomer solution had affected key properties of the PTTh.
Cyclic voltammetry (CV) analysis of PTTh·TBAP films in organic electrolyte
indicated that that there was little difference in the electrochemical properties of the
prepared films, independent of the water concentration in the monomer solution
(Figure 3.7). CV analysis of PTTh·TBAP films in aqueous electrolyte indicated that
the presence of water in the monomer solution caused a decrease in the peak current
(Figure 3.8), with the oxidation response of the polymer becoming less pronounced.
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Figure 3.7 CVs of PTTh·TBAP films polymerised at 0.28 mA/cm2 for 15 min from 20 mM TTh and
5 mM TBAP in solutions containing (a) 0%, (b) 15% and (c) 20% water in acetonitrile (v/v). CVs
performed in 0.1 M TBAP in acetonitrile at a scan rate of 50 mV/s vs. Ag/Ag +. The 5th cycle is shown
in each case and the arrows indicate the direction of the potential scan.
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Clear differences were observed between CVs carried out in aqueous and nonaqueous electrolyte. The current response was much smaller for CVs obtained in
aqueous

electrolyte,

suggesting

that

PTTh·TBAP

was

less

electroactive.

Polythiophenes have been shown to have limited electroactivity in aqueous solutions
and this has been attributed to their hydrophobicity [69, 70]. Electrical conductivity
measurements could not be performed on the films as they could not be removed
from the conducting growth substrate.
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Figure 3.8 CVs of PTTh·TBAP films polymerised at 0.28 mA/cm2 for 15 min from 20 mM TTh and
5 mM TBAP in solutions containing (a) 0%, (b) 20% and (c) 15% water in acetonitrile (v/v). CVs
performed in aqueous PBS electrolyte at a scan rate of 50 mV/s vs. Ag/AgCl. Arrows indicate the
direction of the potential scan.

The presence of water in the monomer solution caused subtle differences in the
morphology of the PTTh·TBAP films when compared to films prepared from 100%
acetonitrile (Figure 3.9).
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(a)
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Figure 3.9 SEM images of PTTh·TBAP films polymerised at 0.28 mA/cm2 for 15 min from 20 mM
TTh with 5 mM TBAP in solutions containing (a) 0% and (b) 15% water in acetonitrile (v/v).

The contact angles of PTTh·TBAP films were measured with water to observe
whether higher concentrations of water in the monomer solution affected the
wettability of the resulting polymer films. The results are summarised in Table 3.1.

Table 3.1 Contact angles for PTTh·TBAP films polymerised from 20 mM TTh and 5 mM TBAP
solutions containing varying concentrations of water in acetonitrile (v/v) at 0.28 mA/cm2 for 15 min.
Contact angles were measured with water at 0 min and 5 min after the liquid drop was placed on the
sample for comparison.

Water concentration in
monomer solution for
PTTh·TBAP

Contact angle (º)
0 min

5 min

0%

105 ± 7

94 ± 6

15%

94 ± 9

71 ± 9

20%

140 ± 5

135 ± 7

There appears to be little correlation between the wettability of the films and the
concentration of water in the monomer solution. However, when 20% water was
used during polymer deposition, the films became significantly more hydrophobic, as
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reflected in the significant increase in the observed contact angle. There was little
change in the contact angle over the time period of the analysis, suggesting that the
wettability of the films did not change with time.
3.3.1.2 Electropolymerisation technique
Several electrochemical polymerisation techniques were tried to determine which
method would give the best PTTh·Dex films in terms of uniformity of morphology
and reproducibility.
Initial synthesis of PTTh·Dex films was carried out by CV onto a gold disc working
electrode. When the potential was swept between 0.0 V and +0.9 V at a scan rate of
50 mV/s for 150 cycles, polymer deposition was observed (Figure 3.10). From the
CV growth data it was clear that monomer oxidation began at approximately +0.5 V
(Figure 3.10).

Polymer deposition was evidenced by increasing current with

increasing cycle number. The process was repeated with a gold mylar working
electrode (geometric area 0.9 cm2) with polymer deposition again observed.
However, the films deposited by this method on gold mylar were not uniform and
there was a large degree of variability between samples.

For this reason

polymerisation by CV was not pursued further.
Polymerisation at constant potentials between +0.7 V and +1.0 V for 5 min resulted
in visible polymer deposition. However post-deposition CV analysis showed a rapid
degradation in current with increasing cycle number, indicating instability in the
electroactivity of the films. Longer deposition times gave films with a more stable
response under CV cycling, however, significant current degradation was still
observed after < 10 cycles.
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Figure 3.10 CVs obtained during deposition of PTTh·Dex from a solution of 20 mM TTh and 5 mM
Dex in 15% (v/v) water in acetonitrile on to gold disc electrode. The potential was swept between 0 V
and +0.9 V vs. Ag/Ag+ reference at a scan rate of 50 mV/s for 150 cycles. The current increased with
increasing cycle number, indicating that polymer was being deposited.

Galvanostatic (constant current) deposition has been used by others to prepare
conducting polymer films doped with therapeutic agents [5, 67]. Polymer deposition
at constant current was found to give the most even coverage of the gold mylar
substrate with uniform and reproducible films produced. Polymerisation by this
method is discussed in Section 3.3.1.3. It has been previously shown in the literature
that galvanostatic deposition produces homogeneous PTh films with good
conductivity [25-27].
3.3.1.3 Electropolymerisation current
Films were electrosynthesised at various current densities for 15 minutes.

CV

analysis was carried out in PBS to observe the electrochemical response in the
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medium that would be used for release. The uniformity and reproducibility of the
PTTh·Dex films was characterised by SEM. The deposition current was varied at
0.05 mA intervals between 0.10 mA (0.11 mA/cm2) and 0.40 mA (0.44 mA/cm2).
During polymerisation, the current, voltage (vs. Ag/Ag+ reference) and charge
generated at the working electrode were monitored. During growth the deposition
voltage remained constant, with a slight decrease observed at the lower deposition
current densities (Figure 3.11). Using this approach, a working electrode potential
within the +0.8 V to +0.9 V range was selected as it has been shown by others to be
optimal for terthiophene oxidation [27].
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Figure 3.11 Potential profiles obtained during PTTh·Dex deposition from a solution containing
20 mM TTh and 5 mM Dex in 15% (v/v) water in acetonitrile at current densities of (a) 0.11 mA/cm2,
(b) 0.28 mA/cm2 and (c) 0.44 mA/cm2.
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At a deposition current density of 0.11 mA/cm2, a voltage of approximately +0.6 V
vs. Ag/Ag+ was generated at the anode. As the deposition current was increased, the
voltage generated at the working electrode increased as expected. CV analysis of the
post-deposition PTTh·Dex films showed that the 0.11 mA/cm2 films gave a small
capacitive current, with no clear redox peaks (as shown in Figure 3.12). As the
deposition current was increased to 0.25 mA (0.28 mA/cm2), an increase in
capacitive current was observed indicating greater polymer deposition with an anode
deposition potential of approximately +0.8 V vs. Ag/Ag+ reference. Redox peaks
also became apparent with an oxidation peak at approximately +0.45 V and reduction
peak at approximately +0.52 V. As the deposition current was further increased to
0.44 mA/cm2 an anode voltage of approximately +1.0 V vs. Ag/Ag+ was observed
(Figure 3.11).

CV analysis of films grown at 0.44 mA/cm2 showed a smaller

capacitance than the 0.28 mA/cm2 films, indicating that the 0.44 mA/cm2 films had a
smaller electroactive surface area. The higher voltage generated at 0.44 mA/cm 2
may have caused some over oxidation of the polymer during deposition which would
have had a detrimental effect on the quality of the polymer. However, as redox
peaks were still visible in the CV, there was still electroactivity in the polymer.
Differences in the morphologies of the films grown at varying currents were also
observed (Figure 3.12 (b-d)). All films exhibited a nodular bulk structure which
became denser as the deposition current was increased. Films grown at 0.28 mA/cm2
appeared to be more porous than those grown at 0.44 mA/cm2. The underlying bulk
structure of the polymer appeared to be uniform on all films, regardless of deposition
current. However, extraneous features were also observed on the films (Figure 3.12).
The size and number of these features appeared to increase with increasing
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deposition current and were undesirable as they introduced heterogeneity to the
polymer films.
From analysis of the results, 0.28 mA/cm2 was chosen as the optimal deposition
current density as this gave films with reasonable electrochemistry as well as the
most reproducible and uniform morphology with minimal extraneous features.
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Figure 3.12 (a) CVs of PTTh·Dex films grown for 15 min at: 0.11 mA/cm2, 0.28 mA/cm2 and
0.44 mA/cm2 in PBS at a scan rate of 50 mV/s vs. Ag/AgCl. The arrows indicate the direction of the
potential scan, the 5th cycle is shown in each case. SEM images of PTTh·Dex films grown at (b)
0.11 mA/cm2, (c) 0.28 mA/cm2 and (d).0.44 mA/cm2 for 15 min. PTTh·Dex films were deposited
from 20 mM TTh and 5 mM Dex in 15% (v/v) water in acetonitrile.
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3.3.1.4 Electropolymerisation time
Once the deposition current density was optimised, the optimal deposition time was
investigated. Films were electrosynthesised as previously described at a current
density of 0.28 mA/cm2 for varying times between 5 and 30 min. Post-deposition
CV studies showed an increase in current response at approximately +0.5 V of
approximately 0.2 mA between 10 min and 20 min films as shown in Figure 3.13.
This indicates that more polymer was deposited at the longer deposition time as
expected. Films grown for longer than 15 min exhibited a powder-like deposition on
the surface, which was undesirable as it affected film reproducibility. SEM analysis
of the films again showed the presence of extraneous features that were prevalent at
deposition times greater than 10 min (Figure 3.14).
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Figure 3.13 CVs of post-deposition PTTh·Dex films deposited at 0.28 mA/cm2 for (a) 10 min, (b) 20
min, (c) 30 min and (d) 60 min from a solution of 20 mM TTh and 5 mM Dex in 15% (v/v) water in
acetonitrile. CVs obtained in PBS vs. Ag/AgCl at a scan rate of 50 mV/s. The 5 th cycle is shown in
each case. Arrows indicate the direction of the potential scan.

87

Chapter 3

Polyterthiophene for controlled release

Figure 3.14 SEM images of PTTh·Dex films polymerised from a solution of 20 mM TTh and 5 mM
Dex in 15% (v/v) water in acetonitrile at 0.28 mA/cm2, with the potential monitored vs. Ag/Ag+, for
deposition times of (a) 10 min, (b) 15 min and (c) 20 min.
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Figure 3.15 (a) CV of post-deposition PTTh·Dex films polymerised under optimised conditions of
0.28 mA/cm2 for 10 min from a solution of 20 mM TTh and 5 mM Dex in 15% (v/v) water in
acetonitrile. CV obtained in PBS at a scan rate of 50 mV/s vs. Ag/AgCl, the 5th cycle is shown, the
arrows indicate the direction of the potential scan; (b) and (c) show SEM images of post-deposition
PTTh·Dex films polymerised under optimised conditions of 0.28 mA/cm 2 for 10 min from a solution
of 20 mM TTh with 5 mM Dex in 15% (v/v) water in acetonitrile at different magnifications.

88

Chapter 3

Polyterthiophene for controlled release

The optimal deposition time for release films was determined to be 10 min at
0.28 mA/cm2 as this minimised the formation of extraneous features and gave the
most uniform and reproducible films.

Films deposited under these conditions

exhibited a clear electrochemical response in aqueous electrolyte and gave a uniform
and reproducible morphology which was nodular and porous in appearance (as
shown in Figure 3.15).
3.3.1.5 Effect of water concentration in monomer solution using galvanostatic
polymerisation
To determine whether water in the monomer solution had affected the properties of
the PTTh·Dex, films were prepared from monomer solutions containing 15% and
20% water in acetonitrile (v/v) at a current density of 0.28 mA/cm2, with the potential
monitored vs. Ag/Ag+ reference electrode, for 15 min. Although 10 minutes was
determined to be the optimal deposition time (Section 3.3.1.4), 15 minutes was
chosen as the duration for polymer deposition so that direct comparison could be
made to PTTh·TBAP films synthesised from monomer solutions containing varying
concentrations of water (Section 3.3.1.1). These concentrations of water in the
monomer solutions were used as terthiophene monomer was insoluble in an
acetonitrile solution containing > 20% water and the Dex dopant could not be
dissolved in a solution containing < 15% water.
Electrochemical characterisation of films by CV indicated that increasing the water
concentration had a minor effect on the electrochemistry of the resulting polymer
films (Figure 3.16). Increasing the water concentration to 20% during polymer
synthesis caused a slight decrease in the current response in non-aqueous electrolyte
and a higher capacitive current in an aqueous medium. In aqueous electrolyte the
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redox response of the PTTh obtained from 15% water was more clearly defined than
the analogous polymer obtained from 20% water. The electrochemical response of
PTTh·Dex films was different in aqueous and non-aqueous electrolyte, independent
of the water concentration in the monomer solution. The current response was much
greater in non-aqueous electrolyte indicating that the polymer films were more
electroactive in this medium.

This was comparable to the results obtained for

PTTh·TBAP films in the same electrolytes (Section 3.3.1.1). In aqueous electrolyte,
although the current response was smaller, the redox activity of the polymer was
more defined with a clear oxidation peak observed.
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Figure 3.16 CVs of PTTh·Dex films synthesised from 20 mM TTh with 5 mM Dex in solutions with
varying concentrations of water in acetonitrile (v/v) at 0.28 mA/cm2, with the potential monitored vs.
Ag/Ag+ reference for 15 min. CVs were carried out in (a) aqueous PBS and (b) 0.1 M TBAP in
acetonitrile at a scan rate of 50 mV/s vs. Ag/AgCl and Ag/Ag+ respectively. The 5th cycle is shown
in each case; arrows indicate the direction of the potential scan.

No significant differences were observed in the contact angles measured for
PTTh·Dex films independent of the water concentration in the monomer solution
(see Table 3.2). However, large variations in contact angle were observed across the
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polymer films, showing that wettability was non-uniform across the polymer surface.
The contact angles observed for PTTh·Dex films had much larger variations than
PTTh·TBAP films (Table 3.1), showing that PTTh·TBAP films had more uniform
wettability across that surface. PTTh·Dex films (Table 3.2) had lower contact angles
than PTTh·TBAP films (Table 3.1) grown from analogous monomer solutions,
showing that PTTh·Dex films were more hydrophilic. The differences in contact
angle may be attributed to differences in surface morphology between PTTh·TBAP
(Figure 3.9) and PTTh·Dex (Figure 3.15(b)) films.

Table 3.2 Contact angles for PTTh·Dex films polymerised from 20 mM TTh and 5 mM Dex in
solutions containing varying concentrations of water in acetonitrile (v/v) at 0.28 mA/cm2 for 15 min.
Contact angles were measured with water at 0 min and 5 min after the liquid drop was placed on the
sample for comparison.

Water concentration in
monomer solution for
PTTh·Dex films

Contact angle (º)
0 min

5 min

15%

117 ± 21

95 ± 37

20%

72 ± 31

54 ± 31

3.3.2 Characterisation of PTTh·Dex films
3.3.2.1 Specular reflectance FTIR spectroscopy
Specular reflectance FTIR spectroscopy was employed to qualitatively show that
Dex had been incorporated into the polymer films during electropolymerisation. A
characteristic C=O peak at approximately 1660 cm-1 for Dex was observed in the
spectrum of the PTTh·Dex film (Figure 3.17). To identify peaks corresponding to
PTTh, a spectrum was also obtained for a PTTh film doped with TBAP. Peaks
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corresponding to the PTTh in the film were observed with C=C anti-symmetric
stretch at 1490 cm-1 and C–H out-of-plane bend at 790 cm-1 clearly identifiable.
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Figure 3.17 FTIR spectra of polyterthiophene film doped with TBAP (PTTh·TBAP),
polyterthiophene film doped with dexamethasone (PTTh·Dex) and a dexamethasone phosphate
standard (Dex Std). Peaks corresponding to C=O stretch in Dex were observed at approximately
1660 cm-1 in PTTh·Dex spectrum (■). Characteristic peaks for PTTh were observed at 1490 cm-1
(C=C anti-symmetric stretch) (*) and 790 cm-1 (C-H out-of-plane bend) (**) in the PTTh·Dex
spectrum.

3.3.2.2 Solid-state UV-visible spectroscopy
The solid-state diffuse reflectance UV-visible spectrum of PTTh·Dex films
confirmed that the films were in an oxidised (doped) state as characteristic π–π* (ca.
370 nm), π–polaron (ca. 680 nm) and π–polaron* (ca. 1140 nm) bands were observed
[71] (Figure 3.18). A glitch in the spectrum at approximately 940 nm was caused by
detector changeover.
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Figure 3.18 Solid-state UV–vis spectrum of PTTh·Dex film. Characteristic π–π* (ca. 370 nm) [●], π–
polaron (ca. 680 nm) [●●] and π–polaron* (ca. 1140 nm) [●●●] bands were observed.

3.3.2.3 Open circuit potential
The open circuit potential (OCP) was monitored over a 4 hour period for PTTh·Dex
films. The OCP is the potential the working electrode is at when no current is
flowing through the system. Knowing the OCP for the polymers gives an indication
of the potentials at the working electrode during passive (unstimulated) release. This
information could be used to understand the release results observed. The OCP was
monitored over time rather than using a single measurement as this provides more
information as the system requires time to stabilise.
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Figure 3.19 Main: Mean average open circuit potential profiles (n=3) for PTTh·Dex films deposited
on gold mylar at 0.28 mA/cm2 for 10 min from a solution of 20 mM with 5 mM Dex in 15% (v/v)
water in acetonitrile. The potential was monitored in PBS electrolyte vs. Ag/AgCl reference electrode
over 4 hours. Inset: The potential was subsequently monitored for a further 11 hours to observed if
the potential reached a plateau.

Over the initial 240 min monitored the potential increased quite rapidly and then
began to decrease (Figure 3.19). This initial increase in potential may be attributed
to solvation effects, such as ion uptake and volume changes occurring when the film
was initially immersed in solution. Further monitoring of PTTh·Dex films showed
that the potential stabilised at approximately +0.12 V by 600 min (Figure 3.19
(inset)). The observed decrease in OCP indicates that the polymer was becoming
less oxidised over time. Comparison of the OCP for PTTh·Dex with corresponding
CV analysis shows that at potentials lower than +0.40 V the polymer would be in a
reduced state, therefore indicating that the PTTh is becoming more reduced in nature
without the application of a potential stimulus.
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3.3.3 Release studies from PTTh·Dex films
The release of Dex from polyterthiophene films was investigated under passive
(unstimulated) and electrochemically stimulated conditions in PBS solution. Passive
release of Dex from PTTh·Dex films was carried out to observe the release profile of
the unstimulated polymer films. Electrochemically controlled release studies of Dex
from PTTh·Dex polymer films were performed using constant potentials of 0 V and
+0.6 V and square wave pulsed potential stimulation consisting of pulses from 0 V to
+0.6 V at a frequency of 1 Hz. These potentials were chosen as they correlated to the
oxidised (+0.6 V) and reduced (0 V) states of the PTTh·Dex polymer observed in CV
analysis (Figure 3.15(a)). The mass of Dex released was determined by UV-vis
analysis of the release solution at 242 nm (λmax of Dex). Subsequent UV-vis studies
of the release solutions upon completion of release experiments showed spectra
typical of Dex (Figure 3.20), with no interfering species observed under any of the
stimulation protocols used.
Stimulated release profiles were individually compared to passive release via a t-test.
The t-test was carried out at 23 time points across the 24 h period of release.
However, in the first 2 h of controlled release a t-test was performed at 10 min
intervals as that portion of the 24 h profile exhibited rapid changes. The release
profiles over 24 h for films held at a constant potential of 0 V (i.e. constantly holding
the PTTh·Dex film in a reduced state) and for unstimulated PTTh·Dex films
indicated that there was no statistical difference in the release between the profiles at
any analysed time point.
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Figure 3.20 Main: UV-vis spectra of release solutions upon completion of release experiments under
the different stimulation protocols used. In each case, one clear peak is observed which corresponds
to Dex λmax (242 nm). Inset: UV-vis spectrum of standard solution of Dex in PBS for comparison.

The application of an oxidising potential (+0.6 V) to the PTTh·Dex polymer films
resulted in a significantly different release profile as can be seen in Figure 3.21. The
profile indicated that the release of Dex was comparatively slower and more
sustained when the polymer was held in an oxidised state.

The t-test analysis

indicated a statistically significant difference in release between the stimulated
oxidised (+0.6 V) and unstimulated films at the time points analysed over 24 h.
Notably, the application of an oxidising potential eliminates the burst release as
observed for the pulsed, passive and reduced potential stimulation protocols. The
elimination of burst release characteristics in controlled release systems is highly
desirable [72-74]. The quantity of Dex released under all stimulation protocols used,
including passive release was at therapeutically relevant levels [75].
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Figure 3.21 (a) Cumulative Dex release over the initial 2 h of a 24 h period from PTTh·Dex films
stimulated with constant potential 0 V (■), constant potential +0.6 V (▲) and pulsed potential (0 V to
+0.6 V at 1 Hz) (●). Passive release from unstimulated films (♦) is included for comparison. (b)
Cumulative Dex release over 24 h. Error bars indicate the standard error of the mean (n=3). The mass
of Dex released was calculated from the standard Dex UV-vis calibration curve at λmax 242 nm.
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Electrochemical reduction of a conducting polymer typically results in the loss of the
cationic charge carriers (polarons and bipolarons) from the polymer back bone [76].
A consequence of the loss of the cationic characteristic on the polymer backbone is
the expulsion of anionic dopant molecules from the conducting polymer matrix or
ingress of cationic charges from the bathing solution environment to maintain
electro-neutrality.

The application of more negative reducing potentials should

therefore increase the rate of anionic drug release. Conversely, the application of a
positive oxidising potential should increase the cationic characteristic of the host
polymer matrix and impede or ideally inhibit the loss of the anionic drug dopant.
PTTh·Dex films stimulated by pulsed potential (0 V to +0.6 V at 1 Hz) also
demonstrated no statistical difference in release compared to unstimulated films after
the first ten minutes. However, the release profiles suggested that under pulsed
stimulation the release of the Dex, after an initial burst release, was more sustained
with an approximately linear Dex release from 200 min onwards.
In this study the application of a reducing potential did not significantly increase the
rate of drug release when compared to an unstimulated film. It is has been shown
that polythiophenes can undergo spontaneous reduction upon immersion in solution
[77]. Evidence of the spontaneous reduction process was confirmed by Raman
spectroscopy for a dry and wet PTTh·Dex film (Figure 3.22).
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Figure 3.22 Raman spectra of dry PTTh·Dex film and films soaked in PBS for 2 min and 19 h.
Changes in C=C symmetric stretching (1442 cm-1) (▲), C-C stretching (1163 cm-1) (■) and C-S-C
deformation (694 cm-1) (●) bands indicated that the oxidation state of the polymer had changed upon
wetting in solution. Spectra were base line corrected and normalised to the C-H band (1050 cm-1).

The advantage of Raman over FTIR spectroscopy is that Raman is insensitive to the
interferences of the electrolyte solvent and Dex dopant and therefore can clearly
show redox state changes within the opaque, non-transmissive film.

When

PTTh·Dex was placed into the electrolyte media a clear shift to the reduced state was
noticed as evidenced by changes to the C=C symmetric stretching (1442 cm-1), C-C
stretching (1163 cm-1) and C-S-C deformation (694 cm-1) bands. These changes
were characteristic of a change in oxidation state of polythiophene as shown by
Bazzaoui et al. [78]. The open circuit potential results obtained for PTTh·Dex films
also suggested that the films became less oxidised in nature when immersed in
solution (Section 3.3.2.3). A consequence of this auto-reduction was that even when
no potential stimulation was applied to the PTTh·Dex film, the absence of cationic
charge within the matrix resulted in free release of the Dex dopant. Qualitatively, the
application of 0 V to force PTTh·Dex reduction appeared to give enhanced rate of
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release (Figure 3.21); however statistical analysis of the data scatter between
replicates did not confirm statistical differences. This differs from previous results
obtained for polypyrrole, where it was found that very little drug was released from
unstimulated films [12, 67], indicating that polypyrrole does not undergo
spontaneous reduction when placed in solution. Only when the polypyrrole film was
electrochemically reduced was dopant expelled from the polymer. Even when the
polymer was stimulated by cyclic voltammetry, release was still attributed to the
reduction of the polymer film [12].

3.3.4 Estimation of doping ratio in PTTh·Dex films
Energy-dispersive X-ray spectroscopy (EDS) analysis of PTTh·Dex films was made
to estimate the doping levels of films grown under optimal conditions on two
replicate studies. Sulphur and fluorine X-ray peaks, characteristic of PTTh and Dex,
respectively, were used to estimate the PTTh·Dex doping ratios which were used to
calculate the theoretical incorporation of Dex as a dopant (Figure 3.23). Analysis of
phosphorous, a marker specific to Dex, was unsuccessful due to weaker EDS signals.
All PTTh·Dex films were washed with MilliQ water for 10 minutes and then dried
prior to analysis to minimise the influence of non-doping, surface adsorbed Dex.
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S

F

Figure 3.23 Example energy dispersive spectrum obtained from a PTTh·Dex film. Signals from
sulphur (S) and fluorine (F) corresponded to PTTh and Dex incorporated into the polymer
respectively. The ratio of these peaks was used to calculate the doping ratio of the polymer The gold
(Au) signal corresponded to the underlying gold mylar substrate .

Table 3.3 EDS data used to calculate the doping ratio of PTTh·Dex films

Element
C
O
F
P
S
Cu
Au

Area
1.1
82.86
9.61
0.85
0.10
5.51
0.38
0.70

Area
1.2
82.46
10.06
0.82
0.07
5.56
0.35
0.68

Area
1.3
82.74
9.56
0.94
0.10
5.57
0.40
0.68

Area
1.4
82.96
9.68
0.66
0.09
5.56
0.36
0.69

Area
1.5
83.21
9.12
0.81
0.20
5.58
0.34
0.74

Area
1.6
82.31
9.88
0.95
0.20
5.56
0.35
0.74

mol %
Area Area
2.1
2.2
82.65 82.42
9.41
9.49
0.92
0.99
0.28
0.25
5.57
5.65
0.33
0.38
0.83
0.83

Area
2.3
82.23
9.88
0.87
0.26
5.57
0.38
0.80

Area
2.4
82.52
9.60
0.96
0.25
5.53
0.34
0.79

Area
2.5
82.36
9.65
1.08
0.26
5.53
0.31
0.81

Area
2.6
83.52
8.38
0.89
0.35
5.62
0.38
0.87

Mean
82.69
9.53
0.90
0.20
5.57
0.36
0.76

Std Dev
0.39
0.43
0.11
0.09
0.04
0.03
0.07

The atom mole ratio of sulphur: fluorine was calculated to be 6:1 (mol %) (Table
3.3) indicating approximately one Dex molecule per 6 thiophene rings (i.e. one Dex
per two terthiophene monomer units). This correlates with previous results for PTh
which has been shown to have an electrochemical stoichiometry of 2.07 –
2.5 Faradays/mol with monomer oxidation requiring 2 electrons and the excess
charge corresponding to the oxidation of the polymer upon doping [24].

This

suggests a ratio of one dopant molecule to between 2 to approximately 14 thiophene
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monomer units. In comparison, polypyrrole has been shown to have a positive
charge on approximately every 3rd pyrrole monomer unit [79].
Based on these findings, a total theoretical Dex loading of 149 μg/cm2 was estimated
(assuming one electron transfer during polymerisation, this estimate is the theoretical
maximum possible mass of Dex which could be incorporated). Previous studies have
reported Dex loading into polypyrrole of 17.4 μg/cm2 [12] and 86 μg/cm2 [67]. The
estimated loading results correlate well with the controlled release studies showing
that approximately 53 ± 9%, 47 ± 2% and 47 ± 7% of the available Dex was released
by unstimulated, reductive and pulse potential stimulation protocols, respectively.
Significantly, application of a potential holding the PTTh·Dex in an oxidised state
released only 26 ± 14% of available Dex. This compares to approximately 15% [67]
and 92% [12] Dex release observed for polypyrrole.

3.3.5 Characterisation of post-release films
3.3.5.1 Cyclic voltammetry on post-release films
CV analysis was carried out on PTTh·Dex films upon which release experiments had
been completed.

Films which had been stimulated under each protocol were

analysed, as well as films which had undergone passive release. CVs were obtained
in aqueous electrolyte and the results compared against the CV of a post-deposition
PTTh·Dex film on which release had not been carried out (Figure 3.24).
Post-release CV analysis showed that some electrochemical stimulation protocols
had caused changes in the electroactivity of the PTTh film.

CV analysis of

PTTh·Dex which had been held at an oxidising potential (+0.6 V), exhibited
reasonable electroactivity when compared to post-deposition PTTh·Dex.

Clear
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redox peaks were observed at +0.61 V (oxidation) and +0.63 V (reduction). The
peak positions varied from post-deposition PTTh·Dex which showed oxidation and
reduction peaks at +0.45 V and +0.54 V respectively, indicating the some changes in
the polymer conformation may have occurred during stimulation.

Current (mA)

0.5

Current (mA)

0.4

0.3

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2

(a)

0

0.2

0.2
0.4
0.6
Potential vs. Ag/AgCl (V)

0.8

(b)
0.1

(c)
(d)

0.0
-0.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Potential vs. Ag/AgCl (V)
Figure 3.24 Main: CVs of PTTh·Dex films post-release which had been stimulated at (a) +0.6 V
constant potential, (b) 0 V to +0.6 V pulsed potential, (c) unstimulated and (d) 0 V constant potential.
Inset: CV of post-deposition PTTh·Dex film, on which no release had been carried out. All CVs
carried out in PBS electrolyte vs. Ag/AgCl reference at a scan rate of 50 mV/s; the 5 th cycle is shown
in each case. Arrows indicate the direction of the potential scan.

A significant decrease in electroactivity was observed for films which had been
stimulated with a pulsed potential and a constant reducing potential of 0 V (Figure
3.24 (b) and (d) respectively) as well as PTTh·Dex which had undergone passive
release (Figure 3.24(c)). The results for unstimulated PTTh·Dex and PTTh·Dex
stimulated with reducing potential (0 V) were very similar which correlates well with
the observed release results.

As previously discussed, PTTh·Dex films

spontaneously reduced when immersed in solution resulting in unstimulated films
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and films stimulated with a constant reducing potential yielding very similar release
results (Section 3.3.3). The significant decrease in electroactivity was due to the fact
that the polymer was in a reduced state upon completion of the experiments under
both these conditions. When the polymer is in a fully reduced state all the dopant
ions have been expelled from the polymer backbone, changing the properties of the
polymer. This greatly reduces the redox response of the films meaning it is not as
pronounced as for the post-deposition, doped polymer. When the polymer was
stimulated at an oxidising potential (+0.6 V) some dopant release was observed,
however this was much less than for reduced films, indicating that dopant (Dex) ions
remained in the PTTh. As dopant ions remained in the PTTh film, the polymer
properties were not changed as significantly and therefore the electroactive response
of the film did not differ as greatly from the post-deposition film.
3.3.5.2 SEM analysis of post-release films
The surface morphology of the unstimulated and stimulated PTTh·Dex films was
analysed using SEM (Figure 3.25). There appeared to be little difference between
the as-grown and post-release films at lower magnifications. However, post-release
SEM images at higher magnification exhibited subtle changes in the film
morphologies after release. The most marked changes in morphology were observed
for PTTh·Dex films stimulated with pulsed potential. The reason for these changes
in morphology being observed for PTTh·Dex films stimulated with pulsed potential
only may be that during the course of the experiments the dopant in the PTTh film
was changed. As the film was reduced (when pulsed to 0 V) Dex ions were expelled.
Upon stimulation with +0.6 V the PTTh would be in an oxidised state and therefore
anions would be incorporated back into the polymer film to maintain charge
neutrality on the polymer backbone. The anions taken up could have been Dex or
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other anions present in the buffer solution, for example chloride or phosphate ions.
Chloride and phosphate anions are much smaller than Dex anions and therefore may
have been more readily taken up by the PTTh film. A change in the nature of the
dopant ions could account for the observed changes in the film morphology [80, 81].

As grown

1 µm
Unstimulated

1 µm

0V

1 µm

Pulsed
potential

+ 0.6 V

1 µm

1 µm

Figure 3.25 SEM images of PTTh·Dex films after release under each stimulation protocol (indicated).
Analogous images for an unreleased film are included for comparison.
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3. 4 Conclusions
Polyterthiophene films doped with dexamethasone phosphate were successfully
prepared (PTTh·Dex films). The polymer was grown from a mixed solvent system
containing acetonitrile and water, due to the differing solubility of the monomer and
the dopant. It was shown that the presence of water in the monomer solution did not
have a significant effect on the contact angle, electrochemical or morphological
properties of the resulting polymer films.

However, it was found that these

properties were affected when the PTTh films were doped with TBAP rather than
Dex. PTTh·Dex films showed greater electroactivity in aqueous electrolyte than
PTTh·TBAP films, and there was a significant difference in the morphologies of
PTTh·Dex and PTTh·TBAP films.
Controlled release of Dex from the PTTh·Dex films was readily achieved by the use
of electrochemical stimulation at oxidising potentials with the amount of Dex
released from the polymer matrix being at therapeutically relevant levels.

The

oxidation state of the polyterthiophene was found to be critical for controlled release
of the dexamethasone. It was found that PTTh doped with Dex spontaneously
reduces when placed into saline phosphate buffered receiving solution. No statistical
difference was observed between the unstimulated (spontaneously reduced) polymer
and the electrochemically reduced polyterthiophene. Significantly, the application of
an oxidising potential of +0.6 V to the PTTh·Dex films resulted in a reduction in Dex
release of 50% over 24 h.

This showed that some control over release from

electrochemically prepared PTTh·Dex films could be achieved.
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4 POLYTERTHIOPHENE·POLYPYRROLE BILAYER
STRUCTURES: MATERIALS DEVELOPMENT
4. 1 Introduction
Electroactive polymer bilayer structures were first introduced by Murray et al. in
1981 [1, 2]. Bilayer electrodes consist of a conducting electrode which is coated
with two physically discrete polymer layers containing two separate redox
substances with different E° values [1, 2]. The principle of bilayer electrodes is that
the electron-transfer between the electrode substrate and the outer polymer layer
must occur by electron-transfer mediation through the redox states of the inner
polymer layer [1]. It was also shown that the polymer/polymer heterojunction could
behave as a charge-trapping interface, causing charge transport to occur in one
direction only [1, 2]. The initial work by Murray et al. used two redox polymers [1,
2]. Subsequent work has been carried out using bilayer electrodes constructed from
redox active polymers [3, 4], two conducting polymers [5-9] and combinations of a
redox polymer and a conducting polymer [10-12]. Polymer bilayers have been
studied for a wide variety of applications including in corrosion protection [13-16],
actuators [17-20], and photovoltaic cells [21-24].
Pyo et al. [25] studied the ion transport properties of bilayer films consisting of a low
redox potential inner layer (polypyrrole/polystyrene sulfonate) and high redox
potential outer layer (poly(N-methylpyrrole chloride)). In this situation, the inner
layer acts as an extension of the electrode substrate and thus avoids the occurrence of
charge trapping [26]. Conducting polymers can exhibit both anion- and cationdominant transport mechanisms, depending on the dopant utilised during
electropolymerisation of the materials and the electrolyte solution used during redox
switching [25]. Bilayer structures can be designed to exploit these ion transport
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properties of the polymers, where the structure consists of two conducting polymer
layers which exhibit cation- or anion- dominant transport at separate potentials. Such
bilayer systems have been investigated [10, 25, 27], with particular interest in the
dual ion transport behaviour of these materials.
Bilayer systems comprised of polypyrrole (PPy) and polythiophene (PTh) layers
have been investigated [28-32]. Torres and Fox [30] used PPy, PTh and poly(3bromothiophene) (P3BrTh), deposited sequentially in various combinations to form
bilayer electrodes.

It was demonstrated that for electrodes consisting of PPy

deposited onto either PTh or P3BrTh, the outer PPy layer could be trapped in an
oxidised state by controlling the electrode potential due to the lower oxidation
potential of the PPy (-0.2 V) compared to the PTh (+0.68 V) [30]. This was
demonstrated by cyclic voltammetry, where the PPy did not exhibit an
electrochemical response until the applied potential was sufficient to oxidise the
inner PTh layer [30]. Once the inner layer was oxidised, charge could flow to the
outer layer and a response was observed from the PPy in subsequent potential scans.
Once the potential scan was reversed, the PTh layer was reduced (became insulating)
before all the charge was lost from the outer PPy layer, hence any charge remaining
in the PPy was ‘trapped’. This trapped charge could be released to soluble redox
species in the electrolyte solution. Of the combinations of PPy, PTh and P3BrTh
investigated, it was shown that PPy deposited onto PTh had the most effective charge
trapping properties [30]. If the polymers were deposited in the opposite order (PTh
onto PPy), the electrochemical response observed corresponded to superimposition
of the component films [30] with no charge trapping effect noted as the inner layer
would behave as an extension of the electrode substrate as previously mentioned.
Ayoub et al. [28] demonstrated that for a bilayer consisting of a poly(methyl
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thiophene) (PMeT) inner layer and PPy outer layer, the outer PPy hindered reduction
of the inner PMeT layer. It was also reported that a PMeT/PPy bilayer system did
not exhibit charge trapping behaviour [28], contradicting the findings of Torres and
Fox [30].
Previous work has mainly focussed on charge transport in bilayer films [10, 25, 30]
however no work, to the best of the candidate’s knowledge, has looked at the
oxidation state of the inner PTh layer in such bilayer materials. Polyterthiophene
specifically has also not been used in bilayer structures in conjunction with PPy.

4.1.1 Chapter aims
This chapter details the preparation and characterisation of bilayer films
(PTTh·PPy·Dex) consisting of an inner layer of polyterthiophene (PTTh) and an
outer layer of polypyrrole (PPy) with both polymer layers doped using
dexamethasone phosphate (Dex). Different methods of electrochemical preparation
of PTTh·PPy·Dex bilayer films were investigated. The electrochemical properties of
the bilayer films were studied, including comparison of the films prepared by
different methods and how these properties varied with deposition time of the outer
PPy·Dex layer. Raman spectroscopy was used to probe the oxidation state of the
inner PTTh·Dex layer, in order to determine whether reduction of this layer had
occurred during film preparation. Preparation and characterisation of analogous
PPy·Dex monolayer films was also carried out to allow comparison with the results
obtained for the bilayer films.
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4. 2 Experimental
Additional experimental information is detailed in Chapter 2.

4.2.1 Reagents & Materials
2,2’:5’,2”-terthiophene (TTh, > 99%, Sigma-Aldrich), dexamethasone 21-phosphate
disodium salt (Dex, ≥

98%, Sigma-Aldrich), sodium chloride (NaCl, Ajax,

analytical reagent), acetonitrile (Scharlau, HPLC grade), p-toluene sulfonic acid
(Merck, Germany) and methanol (Ajax, analytical reagent) were all used as received.
Phosphate buffered saline (PBS, pH 7.4) was prepared using standard PBS tablets
(Merck, Germany) dissolved in MilliQ water (18 MΩ/cm) containing sodium
chloride (0.15 M). Pyrrole (Py, Merck, > 97%) was distilled prior to use and stored
under nitrogen at –20 ºC.
Gold-coated mylar was purchased from CP Films Inc. (USA) and was rinsed with
MilliQ water then methanol and dried before use. Indium tin oxide (ITO) coated
glass was purchased from Delta Technologies Ltd. (Stillwater, USA); it was cleaned
with acetone and dried before use.

4.2.2 Electropolymerisation
4.2.2.1 PTTh·Dex monolayer films
Polyterthiophene (PTTh) films doped with dexamethasone phosphate (Dex)
(PTTh·Dex) were synthesised electrochemically by galvanostatic deposition on to a
gold-coated mylar working electrode (masked to a working area of 0.9 cm2).
Polyterthiophene doped with Dex (PTTh·Dex) was deposited from a solution
containing 20 mM TTh and 5 mM Dex in 15% (v/v) MilliQ water in acetonitrile at a
current density of 0.28 mA/cm2, with the potential monitored vs. Ag/Ag+ reference
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All monomer solutions were purged with nitrogen before use.

A

deposition time of 10 minutes was used for all films, as optimised in Chapter 3.
Post-deposition, films were rinsed for 10 minutes each in acetonitrile and MilliQ
water then allowed to dry in air.
4.2.2.2 PPy·Dex monolayer films
Polypyrrole doped with Dex (PPy·Dex) monolayer films were deposited onto goldcoated mylar (masked to an area of 0.9 cm2) from a solution containing 0.4 M Py and
5 mM Dex in MilliQ water at a current density of 0.28 mA/cm2, with the potential
monitored vs. Ag/AgCl reference electrode for deposition times of 1, 5, 10, 20 and
30 minutes. All monomer solutions were purged with nitrogen before use. Postdeposition, films were rinsed for 10 minutes each in acetonitrile and MilliQ water
then allowed to dry in air. PPy·Dex films could not be deposited from 15% (v/v)
MilliQ water in acetonitrile.
4.2.2.3 PTTh·PPy·Dex bilayer films
Electrochemical preparation of PTTh·PPy·Dex bilayer films consisting of a
PTTh·Dex inner layer and PPy·Dex outer layer was carried out by three different
methods, which are outlined in the following sections. All monomer solutions were
purged with nitrogen before use.
4.2.2.3.1

Method 1: Sequential introduction of monomer

Firstly, PTTh·Dex was deposited onto the gold mylar working electrode as described
in Section 4.2.2.1. After 10 minutes of polymerisation the TTh·Dex monomer was
spiked directly with Py monomer to obtain a Py concentration of 0.4 M.

It is

important to note that the application of current was not stopped for this process.
PPy·Dex was subsequently deposited galvanostatically at 0.28 mA/cm2 for a period
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of 10, 20 or 30 minutes. Post-deposition, films were rinsed for 10 minutes each in
acetonitrile and MilliQ water then allowed to dry in air.
4.2.2.3.2

Method 2: Change monomer solutions & grow PPy galvanostatically

Firstly, PTTh·Dex was deposited onto the gold mylar working electrode as described
in Section 4.2.2.1. After 10 minutes PTTh·Dex deposition, the application of current
to the working electrode was stopped.

The TTh·Dex monomer solution was

removed; the cell and all electrodes were then rinsed thoroughly with acetonitrile and
MilliQ water. PPy·Dex was then deposited galvanostatically onto the PTTh·Dex
coated working electrode from a solution containing 0.4 M Py and 5 mM Dex in
MilliQ water at 0.28 mA/cm2, with the potential monitored vs. Ag/AgCl reference
electrode for 1, 5, 10, 20 or 30 minutes. Post-deposition films were rinsed for
10 minutes each in acetonitrile and MilliQ water then allowed to dry in air.
4.2.2.3.3

Method 3: Change monomer solutions & grow PPy potentiostatically

Firstly, PTTh·Dex was deposited onto the gold mylar working electrode as described
in Section 4.2.2.1. After 10 minutes PTTh·Dex deposition, the application of current
to the working electrode was stopped.

The PTTh·Dex monomer solution was

removed; the cell and all electrodes were then rinsed thoroughly with acetonitrile and
MilliQ water. PPy·Dex was then deposited potentiostatically onto the PTTh·Dex
coated working electrode from a solution containing 0.4 M Py and 5 mM Dex in
MilliQ water at a constant potential of +0.8 V vs. Ag/AgCl reference electrode for 1,
5, 10 and 20 minutes. Post-deposition, films were rinsed for 10 minutes each in
acetonitrile and MilliQ water and allowed to dry in air.
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4.2.3 Characterisation of bilayer films
4.2.3.1 Cyclic voltammetry
Electrochemical characterisation was carried out using cyclic voltammetry with an
eDAQ potentiostat system controlled by eDAQ EChem software (v.2.0.7). The
electrochemical cell was set up as described in Chapter 2 Section 2.3.2. Cyclic
voltammograms (CVs) were carried out in aqueous (PBS, 10 mL) and non-aqueous
(0.1 M TBAP in acetonitrile, 10 mL) electrolyte, which were purged with nitrogen
before use. Potential scans were carried out between 0.00 V and +0.75 V at a scan
rate of 50 mV/s with the potential initially swept in the anodic direction.
4.2.3.2 Raman spectroscopy
Raman spectroscopy was performed using a Jobin Yvon Horiba HR800 Raman
spectrometer controlled with LabSpec software (v. 5.45.09).

A laser excitation

wavelength of 632.81 nm was used, with a diffraction grating of 300 lines/mm and
100x magnification. For confocal analysis a pinhole of 200 µm was used. Spectra
were obtained at the sample surface, with confocal probing used to obtain spectra
from deeper into the sample.
4.2.3.3 Solid-state UV-visible spectroscopy
Solid-state UV-vis spectra of films were obtained using a Shimadzu UV-3600 UVvis-NIR spectrophotometer with integrating sphere attachment and UVProbe
(v. 2.10) software. Spectra of films were recorded between 280 and 2600 nm.
4.2.3.4 Specular reflectance Fourier transform infrared spectroscopy
Solid-state Fourier transform infrared spectroscopy (FTIR) was carried out on a
Shimadzu IRPrestige-21 spectrometer by specular reflectance with a Spec30
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attachment (Pike Technologies).

FTIR spectra of post-deposition films were

obtained over a wavenumber range of 2000-400 cm-1.
4.2.3.5 Scanning electron microscope
Scanning electron microscope (SEM) images were obtained on a JEOL7500 field
emission scanning electron microscope (FESEM) at typical voltages of 5 kV.
Samples were sputter-coated with a thin layer (approximately 5 nm) of gold to obtain
clearer images and to avoid charging of samples.
4.2.3.5.1

Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) analysis was carried out using a JEOL
hyper-minicup EDS in conjunction with JEOL7500 field emission scanning electron
microscope (FESEM). Sulphur and nitrogen X-ray peaks, characteristic of PTTh and
PPy respectively, were analysed to identify the polymer/polymer interface of the
bilayer structures.
For cross-sectional analysis the polymer film on gold mylar substrate was
submerged in liquid nitrogen (approximately 20 ml) in order to snap-freeze the
sample. The sample was then cut into two pieces and the sample sections secured
end-on onto a SEM sample stub with carbon tape.
4.2.3.6 Open circuit potential
The open circuit potential (OCP) of polymer films was measured and monitored
using a Gamry Electrochemical Impedance Spectrometer 3000™ system with Gamry
Instruments Framework software (v. 5.50). A three electrode electrochemical cell set
up, as detailed in Chapter 2 (Section 2.3.2), was used. The electrolyte used in all
OCP experiments was PBS (3 mL). The open circuit potential of the polymer films
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was monitored over a minimum of 4 hours with potential readings recorded every
5 seconds. The potential was plotted against time to obtain a potential profile which
could then be correlated with the observed release.

4. 3 Results & Discussion
4.3.1 Electropolymerisation
4.3.1.1 PPy·Dex monolayer films
In order to properly analyse the results for the bilayer films, it was necessary to
prepare PPy·Dex monolayer films under analogous conditions. Polymerisation of
PPy·Dex from a solution containing 0.4 M Py and 5 mM Dex in 15% (v/v) MilliQ
water in acetonitrile by CV, potentiostatic and galvanostatic techniques was
attempted. However, uniform reproducible polymer films were not obtained by any
method. It is widely reported that PPy can be deposited from monomer solutions in
acetonitrile and acetonitrile-water [33-35]; however in these works the dopant anions
used were tetrabutylammonium tetrafluoroborate [33] or lithium perchlorate [34,
35]. Further investigation showed that deposition of PPy doped with p-toluene
sulfonic acid (PTS) could be achieved from 15% (v/v) MilliQ water in acetonitrile,
with reproducible polymer films formed. However, this was not possible when Dex
was used as the dopant. Therefore, PPy·Dex monolayer films were deposited from
solutions of 0.4 M Py and 5 mM Dex in MilliQ water only as reproducible polymer
deposition was possible from this medium.
4.3.1.2 Bilayer films prepared by Method 1
PTTh·PPy·Dex bilayer films were produced by the sequential deposition of
polyterthiophene doped with Dex (PTTh·Dex) followed by deposition of polypyrrole
121

Chapter 4

Bilayer structures: Materials development

doped with Dex (PPy·Dex). The sequential introduction of pyrrole monomer (Py) to
the polymerisation media was used to prevent spontaneous reduction of the deposited
PTTh·Dex layer before the second polymer layer could be deposited.

The

spontaneous reduction of PTTh in solution was discussed in Chapter 3 (Section
3.3.3).

Bilayer

films

were

produced

by firstly depositing

PTTh·Dex

galvanostatically at 0.28 mA/cm2 from solutions of 20 mM TTh and 5 mM Dex in
15% (v/v) MilliQ water in acetonitrile for 10 minutes onto gold-coated mylar. These
were the optimal polymerisation conditions determined for PTTh·Dex in Chapter 3.
After 10 minutes of deposition, the TTh·Dex monomer solution was spiked directly
with Py whilst current was still being applied to the working electrode. This yielded
a monomer solution consisting of TTh, Py and Dex. Py oxidises at a lower potential
than the terthiophene monomer and therefore should have preferentially polymerised
when both monomers were present in solution. Polymerisation of PPy doped with
PTS from 15% (v/v) MilliQ water in acetonitrile by cyclic voltammetry showed that
the Py monomer started to oxidise at approximately +0.5 V. This was lower than the
oxidation potential of approximately +0.6 V observed for Py doped with PTS in
MilliQ water only. The initial oxidation potential of TTh monomer in 15% (v/v)
MilliQ water in acetonitrile was found to be approximately +0.5 V, however, a
potential greater +0.8 V was required for optimal deposition.
Different concentrations (0.1 M, 0.2 M and 0.4 M) of Py monomer were investigated
to determine how increasing the monomer concentration affected PPy deposition
under these conditions. Electrochemical characterisation of post-deposition films by
cyclic voltammetry was used to determine whether PPy deposition had occurred
(shown in Section 4.3.2.2). It was found that increasing the concentration of Py
monomer decreased the deposition time needed to observe full coverage of the
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underlying PTTh layer. The concentration of Py chosen for further experiments was
0.4 M as this concentration reduced the deposition time required to obtain detectable
PPy deposition onto PTTh.
During electropolymerisation it was found that the voltage generated at the working
electrode decreased sharply upon the addition of Py monomer (Figure 4.1). The
voltage then subsequently increased during PPy deposition, indicating that the
deposited film was becoming more resistive with increasing deposition time. The
voltage during PTTh deposition was approximately +0.8 V and during PPy
deposition the voltage varied between a minimum of approximately +0.5 V
(immediately after spiking) to an approximate maximum of up to +1.0 V (at the end
of deposition). Longer PPy deposition times resulted in higher end voltages. By this
deposition method it was assumed that the dopant for both polymer layers was Dex
as no other dopant anion was present in the monomer solution. It is possible that a
combination of PTTh and PPy were deposited once the Py monomer was added,
however, CV analysis of the films suggested that at deposition times of 20 minutes
and above PTTh was not contributing to the electrochemical response of the polymer
film (shown in Section 4.3.2.2). PPy deposition was carried out for three different
times: 10, 20 and 30 minutes, to investigate effect of longer PPy deposition times on
the electrochemical properties of the films which is discussed in Section 4.3.2.2.
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Figure 4.1 Example potential profile during galvanostatic deposition of PTTh·PPy·Dex film at
0.28 mA/cm2, with the potential monitored vs. Ag/Ag+ reference electrode onto gold mylar by
Method 1 (spiking). PTTh·Dex inner layer was deposited from a solution of 20 mM TTh and 5 mM
Dex in 15% (v/v) water in acetonitrile. After 10 min of deposition the TTh·Dex solution was spiked
with pyrrole monomer to a concentration of 0.4 M and deposition was continued for a further 20 min.

4.3.1.3 Bilayer films prepared by Method 2
Unlike PTTh, PPy·Dex films could be deposited from a completely aqueous
monomer solution. Due to this, a second method of PPy deposition on PTTh·Dex
was employed.

The inner PTTh·Dex was deposited as for Method 1 (Section

4.2.2.3.1). After the PTTh layer was deposited for 10 minutes, the application of
current was stopped so that the monomer solution could be changed to 0.4 M Py and
5 mM Dex in MilliQ water.

The subsequent PPy·Dex layer was deposited at

0.28 mA/cm2, with the potential monitored vs. Ag/AgCl. The thickness of the outer
PPy·Dex layer was varied by varying the deposition time. This was to investigate
the effect of PPy·Dex outer layer thickness on the electrochemical and release
properties of the resulting films.
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Deposition of PPy·Dex at 0.28 mA/cm2 onto PTTh·Dex generated a voltage of
between +0.5 V and +0.6 V (Figure 4.2). This was considerably lower than the
voltage observed for PPy·Dex deposited on bare gold mylar at the same current
density. This was probably due to the microstructure of the PTTh layer significantly
increasing the surface area of the working electrode, meaning that effectively a lower
current density was applied resulting in a lower voltage being observed. PPy·Dex
deposition on bare gold mylar, generated a peak voltage of between approximately
+0.8 and +0.9 V which then constantly decreased over deposition to approximately
+0.7 V (Figure 4.2).
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Figure 4.2 Example potential profiles during galvanostatic deposition of PPy·Dex at 0.28 mA/cm 2,
with the potential monitored vs. Ag/AgCl from a solution of 0.4 M Py and 5 mM Dex in MilliQ water
onto (a) bare gold mylar substrate or (b) onto PTTh·Dex substrate.
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4.3.1.4 Bilayer films prepared by Method 3
A third method of bilayer preparation was used, whereby the PPy·Dex layer was
deposited potentiostatically. The inner PTTh·Dex was deposited as for Method 1
(Section 4.2.2.3.1).

After the PTTh layer was deposited for 10 minutes, the

application of current was stopped so that the monomer solution could be changed to
a solution of 0.4 M Py and 5 mM Dex in MilliQ water. The subsequent PPy·Dex
layer was deposited at +0.8 V vs. Ag/AgCl. The thickness of the outer PPy·Dex
layer was again varied by varying the deposition time, with deposition times of 1, 5,
10 and 20 minutes used.
During PPy·Dex deposition onto PTTh, the current generated at the working
electrode increased from approximately 0.8 mA to 1.2 mA (Figure 4.3). This was a
similar current profile to that observed for PPy·Dex deposition at +0.8 V onto bare
gold mylar (Figure 4.3). However the current generated during deposition onto
PTTh was much higher than that observed when deposition was carried out onto the
bare substrate. The reason for this difference may be the increased surface area of
the working electrode following PTTh deposition.
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Figure 4.3 Example potential profiles during potentiostatic deposition of PPy·Dex at +0.8 V vs.
Ag/AgCl from a solution of 0.4 M Py and 5 mM Dex in MilliQ water on to (a) bare gold mylar
substrate or (b) onto PTTh·Dex substrate.

4.3.2 Electrochemical characterisation
4.3.2.1 PPy·Dex and PTTh·Dex monolayer films
Characterisation of PPy·Dex monolayer films by CV showed electrochemical
switching of PPy, with redox peaks observed (Figure 4.4). Oxidation and reduction
peaks were observed at approximately -0.2 V and -0.4 V respectively for all
deposition times with an increase in the current response observed with increasing
deposition time (Figure 4.4). This was expected as a greater amount of polymer
would be deposited at longer deposition times.
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Figure 4.4 CVs of PPy·Dex films prepared by galvanostatic deposition from a solution of 0.4 M Py
and 5 mM Dex in MilliQ water at 0.28 mA/cm2, with the potential monitored vs. Ag/AgCl for
varying deposition times (indicated). CVs were performed in PBS electrolyte vs. Ag/AgCl at a scan
rate of 50 mV/s, the mean average (n=3) of the 3rd cycle is shown for each deposition time. Arrows
indicate the direction of the potential scan.
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Figure 4.5 CV of PTTh·Dex film prepared by galvanostatic deposition at 0.28 mA/cm 2 for 10 min
from a solution of 20 mM TTh with 5 mM Dex in 15% (v/v) MilliQ water in acetonitrile. CV was
carried out in PBS electrolyte vs. Ag/AgCl at a scan rate of 50 mV/s. Arrows indicate the direction of
the potential scan.
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CV analysis of PTTh·Dex monolayer film showed redox peaks at approximately
+0.5 V (oxidation) and approximately +0.55 V (reduction) in aqueous electrolyte
(Figure 4.5), analogous to that observed in Chapter 3.
4.3.2.2 PTTh·PPy·Dex bilayer films prepared by Method 1
CV characterisation of PTTh·PPy·Dex films prepared by the Method 1 (Figure 4.6)
showed that the electrochemical responses of both PTTh and PPy were observed
when a PPy·Dex deposition time of 10 minutes was used, with oxidation peaks
observed at approximately +0.5 V and approximately 0 V were observed, indicating
the responses of PTTh and PPy respectively. However for films with PPy deposition
times of 20 and 30 minutes, no electrochemical response for PTTh was observed (see
Figure 4.6). This indicates that the deposited PPy was masking the electrochemical
response from the underlying PTTh, or that the PPy was preventing electrolyte
reaching the inner layer, therefore preventing an electrochemical response occurring.
Increasing the PPy deposition time to 30 minutes did not further increase the
capacitive current observed for the bilayer films. This may have been due to some
over-oxidation of the PPy during deposition as for longer deposition times the
voltages approached +1.0 V in some cases. Over-oxidation would have a detrimental
effect on the electrochemical characteristics of the resulting polymer film, however,
as redox activity was still observed the polymer films had retained electroactivity.
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Figure 4.6 CVs of PTTh·PPy·Dex films prepared by Method 1. Films were prepared with PTTh
deposition time of 10 min at 0.28 mA/cm2, with PPy deposition times of (a) 10 min, (b) 20 min and
(c) 30 min at 0.28 mA/cm2, with the potential monitored vs. Ag/Ag+. CVs were performed in PBS
electrolyte vs. Ag/AgCl at a scan rate of 50 mV/s, the mean average (n=3) of the 3rd cycle is shown in
each case. Arrows indicate the direction of the potential scan.

4.3.2.3 PTTh·PPy·Dex bilayer films prepared by Method 2
Electrochemical characterisation of PTTh·PPy·Dex films prepared by Method 2
showed an increase in capacitive current with increasing PPy·Dex deposition time
Figure 4.7(a)). This was expected as a greater deposition time would result in a
greater amount of polymer being deposited. As the PPy·Dex deposition time was
increased, the redox activity of the PPy became more defined. The redox response of
the inner PTTh·Dex layer was clearly observed at PPy deposition times lower than
20 minutes (Figure 4.7(b)).

However, for PPy deposition times of 20 and

30 minutes, no response from the inner layer was observed (Figure 4.7(a)), again
suggesting, that the deposited PPy was masking the PTTh response or that the PPy
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layer was preventing electrolyte reaching the inner layer, and therefore preventing
the electrochemical response.
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Figure 4.7 (a) CVs of PTTh·PPy·Dex bilayer films prepared by Method 2. Films were prepared with
a PTTh deposition time of 10 min at 0.28 mA/cm2, with varying PPy deposition times (indicated) at
0.28 mA/cm2, the potential was monitored vs. Ag/AgCl. (b) CVs of PTTh·PPy·Dex films with lower
PPy deposition times to more clearly show the electrochemical response of these films. The oxidation
peaks corresponding to PPy and PTTh are indicated. CVs were performed in PBS electrolyte vs.
Ag/AgCl at a scan rate of 50 mV/s. The 5th cycle is shown in each case and the arrows indicate the
direction of the potential scan.
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4.3.2.4 PTTh·PPy·Dex bilayer films prepared by Method 3
Electrochemical characterisation of bilayer films prepared by Method 3 showed that
with increasing PPy deposition time, the capacitive current of the films increased
(Figure 4.8(a)), as was observed for Method 2. As the PPy·Dex deposition time was
increased, the redox activity of the PPy also became more defined. The redox
response of the inner PTTh·Dex layer was clearly observed when a PPy deposition
time of 1 minute was used (Figure 4.8). However, for PPy deposition times greater
than 1 minute, no response from the inner layer PTTh was apparent. This indicates
that potentiostatic deposition of PPy lead to a greater rate of polymerisation
compared to galvanostatic deposition (Method 2) as much shorter deposition times
were required to yield films with no visible electrochemical response from the inner
layer.
Comparison of these PTTh·PPy·Dex CVs to those obtained using PPy·Dex
polymerised potentiostatically on bare substrate show that there were some
differences in the CV shape (Figure 4.8). A shift in the oxidation peak of PPy was
observed in the CVs of PTTh·PPy·Dex films. This shift in an anodic direction
suggested that the underlying PTTh layer was more resistive than a bare gold mylar
electrode, therefore a more positive potential was needed to cause oxidation of the
PPy layer. The capacitive currents increased by approximately 1 mA in the presence
of the underlying PTTh layer for analogous PPy deposition times.
From the results of electrochemical analysis, Method 2 rather than Method 3 was
chosen for further investigation. This was because electroactivity of the underlying
PTTh was observed at a wider range of PPy deposition times. This indicates that for
lower PPy deposition times ion movement from the underlying film may still be
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observed. This was desirable as release of Dex from the inner PTTh layer was to be
investigated and a wider variety of PPy deposition times may allow more facile
observation of the effect of deposition time of the outer layer PPy·Dex.
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Figure 4.8 (a) CVs of PTTh·PPy·Dex bilayer films prepared by Method 3. Films were prepared with
a PTTh deposition time of 10 min at 0.28 mA/cm2, with varying PPy deposition times (indicated) at
+0.8 V vs. Ag/AgCl. The oxidation peaks corresponding to PPy and PTTh are indicated (b) CVs of
PPy·Dex films grown at +0.8 V vs. Ag/AgCl for varying deposition times (indicated) for comparison.
CVs were carried out in PBS electrolyte vs. Ag/AgCl at a scan rate of 50 mV/s, the 5th cycle is shown
in each case and the arrows indicate the direction of the potential scan.
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4.3.3 Raman spectroscopy of PTTh·PPy·Dex bilayer films
For analysis of film composition by Raman spectroscopy, bilayer films were
deposited onto ITO glass. This substrate was used as it is transparent and therefore
allowed acquisition of spectra of the polymer film at both the polymer/air and
polymer/substrate interfaces (Figure 4.9). Depth profiling of the films from both
sides using confocal Raman microscopy was performed in an attempt to investigate
the polymer/polymer interface of the bilayer film.

ITO glass substrate
Laser beam path

(a)

Outer PPy polymer layer
Inner PTTh polymer layer

ITO glass substrate
Laser beam path

(b)
Inner PTTh polymer layer

Outer PPy polymer layer
Figure 4.9 Schematic diagram to show the orientation of the bilayer film on ITO glass substrate to
probe (a) the polymer/air interface and (b) the polymer substrate interface.

Raman spectroscopy was also used to probe the oxidation state of the inner
PTTh·Dex film to determine whether the polymer was in an oxidised or reduced state
after polymerisation of the outer PPy layer, and whether the method of bilayer film
preparation had an effect on this. Raman analysis was used to determine whether
spontaneous reduction of the PTTh·Dex layer had occurred during bilayer film
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preparation, as had been observed for PTTh·Dex monolayer films in solution
(Section 3.3.3, Chapter 3).
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Figure 4.10 Raman spectra obtained from polymer/air interface and polymer/substrate interface of
PTTh·PPy·Dex film deposited on ITO glass by Method 2 with spectra of PPy·Dex and PTTh·Dex
included for comparison. PPy·Dex was deposited onto gold mylar at 0.28 mA/cm 2 from a solution of
0.4 M Py and 5 mM Dex in MilliQ water. PTTh·Dex was deposited on ITO glass at 0.28 mA/cm 2,
from a solution of 20 mM TTh and 5 mM Dex in 15% (v/v) water in acetonitrile. The spectrum from
the polymer/substrate interface mainly shows peaks characteristic of PTTh, however peaks
corresponding to PPy were also observed (indicated by

and

). The spectrum from the

polymer/air interface mainly shows peaks corresponding to PPy, however a band corresponding to
PTTh was observed (indicated by

). Spectra were baseline corrected and normalised to the C-H

-1

band (1050 cm ).

Raman spectroscopy of the polymer/air interface of the bilayer films confirmed the
presence of PPy (Figure 4.10). Characteristic peaks at approximately 1570 cm-1,
1510 cm-1, 1048 cm-1 and 980 cm-1 corresponding to C=C stretching, N-C stretch, CH in-plane bend and ring deformation bands [36] respectively were observed.
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Analysis of the polymer/substrate interface showed the presence of PTTh, with
characteristic C=C symmetric stretching (1442 cm-1), C-C stretching (1163 cm-1) and
C-S-C deformation (694 cm-1) bands observed (Figure 4.10(b)). Comparison of the
Raman spectra of PPy·Dex deposited on PTTh·Dex and bare gold mylar substrate
showed no differences, with characteristic peaks of PPy observed.
Confocal Raman analysis was used for depth profiling of the bilayer films, from both
the polymer/air (Figure 4.11) and polymer/substrate (Figure 4.12) interfaces. Spectra
were initially obtained at the interface; and then the sample stage was stepped up in
5 µm increments to obtain spectra from deeper into the polymer film. This was
continued until the sample scattering was too weak to give a discernable spectrum. It
is important to note that the distance moved by the sample stage did not directly
correspond to the sampling depth within the polymer film; the actual depth of the
film probed is unknown. However, the confocal Raman technique provides spectral
information from a spatially restricted volume, therefore removing interference from
other unrelated regions within the polymer. Confocal Raman analysis was carried
out for bilayer films prepared by Method 1 and Method 2, with 20 minutes PPy
deposition in each case (Figure 4.11 and Figure 4.12). This deposition time was
chosen as lower PPy deposition times gave a weaker PPy signal.
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Figure 4.11 Raman spectra of PTTh·PPy·Dex bilayer films prepared by (a) Method 1 and (b)
Method 2, with a PPy·Dex deposition time of 20 min in both cases. Spectra were obtained from the
polymer/air interface of the sample with initial spectra obtained at the interface (0 µm) and deeper into
the film (20 µm). No significant differences in the spectra were observed as the sample stage was
moved up. The spectra obtained were indicative of PPy in an oxidised state, due to the double peaks
at 1052 cm-1 and 1083 cm-1 (▲). One band corresponding to PTTh (■) was also observed.
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Spectra obtained from the polymer/air interface for films prepared by both methods
(Figure 4.11) clearly showed bands characteristic of PPy in an oxidised state. The
oxidation state of the PPy is evidenced by the presence of double peaks at 1052 cm -1
& 1083 cm-1, corresponding to C-H in-plane deformations in oxidised PPy [37]. No
differences in the spectra were observed when probing deeper into the film in either
case, indicating that the deposited PPy was in an oxidised state throughout,
independent of the deposition method.
Spectra obtained from the polymer/substrate interface (Figure 4.12) of the films
clearly showed bands characteristic of PTTh including C=C symmetric stretching
(ca. 1450 cm-1), C-C stretching (1163 cm-1) and C-S-C deformation (694 cm-1)
bands. The spectra were obtained through the ITO glass substrate, which caused a
reduction in the scattering intensity. The PTTh appeared to be in a reduced state
evidenced by the position of the C=C stretching band at 1453 cm-1. Comparison
with standard spectra of PTTh·Dex in both an oxidised and a reduced state also
indicated that the PTTh layer of the bilayer film was in a reduced state (Figure 4.12).
Further from the substrate interface the oxidation state of the PTTh did not change,
indicating that the PTTh remained at least partially reduced. This was observed for
bilayer films prepared by Methods 1 and 2. The Raman spectra obtained through the
ITO glass substrate had low scattering intensity and weaker bands were not well
defined above spectral noise, therefore confirmation that the PTTh layer was fully
reduced could not be obtained. Method 1 was initially employed to prevent the autoreduction of the PTTh layer during bilayer film preparation, as a current was
constantly applied to the working electrode (Section 4.2.2.3.1). The Raman results
obtained (Figure 4.12) show that the underlying PTTh was in a reduced state
independent of the method used for bilayer film preparation.
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Figure 4.12 Raman spectra of PTTh·PPy·Dex bilayer films prepared by (a) Method 1 and (b)
Method 2 with a PPy·Dex deposition time of 20 min in both cases. Spectra were obtained from the
polymer/substrate interface of the sample with spectra obtained at the interface (0 µm) and deeper into
the film (20 µm). Standard spectra of PTTh·Dex in an oxidised and reduced state were included for
comparison. No significant differences in the spectra were observed as the sample stage was moved
up. The spectra obtained were indicative of PTTh with two bands corresponding to PPy also observed
(*). The PTTh appears to be in a reduced state when compared to the standard spectra, due to the
position of the peak at ca. 1450 cm-1 (indicated by

).
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It was possible that the voltages generated during PPy deposition were low enough to
cause partial reduction of the deposited PTTh. Voltages of approximately +0.5 V
were observed during PPy deposition on to PTTh (Sections 4.3.1.2 and 4.3.1.3).
From the CV of PTTh·Dex it can be seen that at +0.5 V the PTTh layer may have
been partially reduced (Figure 4.5). The underlying PTTh·Dex layer cannot have
been completely reduced as PPy deposition would not have been achieved onto a
reduced (non-conducting) polymer layer. It has been demonstrated previously that
the polymer/air interface of as-deposited PTTh was in a reduced state in air [38].
At the polymer/substrate interface characteristic peaks of PPy were also observed for
films prepared by both methods (Figure 4.12).

Double peaks at 930 cm-1 and

965 cm-1 characteristic of C-H out-of-plane and in-plane deformations respectively
were observed, as well as a band at 1575 cm-1 corresponding to C=C backbone
stretching in oxidised PPy [39]. These peaks were not observed in the Raman
spectrum of PTTh alone (Figure 4.12). The observation of these peaks even at the
polymer/substrate interface indicated that PPy was deposited through the underlying
PTTh layer, infiltrating through its nodular structure. This may have been due to
swelling of the initial polymer layer allowing penetration of the second monomer
solution and therefore enabling polymerisation to occur within the first polymer layer
[27]. PPy could have also penetrated through the PTTh layer through large crevasses
between PTTh nodules which were observed under SEM (Section 4.3.4). No distinct
interface between the two polymer layers was observed; probing deeper into the
polymer films did not yield a more defined PPy spectrum, independent of bilayer
preparation method.
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Preparation of bilayer films by Method 2 offered a greater degree of versatility in the
composition of the resulting film. As the monomer solutions were changed, an
alternative dopant could be used in the outer layer. This was not possible using
Method 1 as the second monomer was simply added to the original solution.

4.3.4 SEM imaging of PTTh·PPy·Dex bilayer films
SEM analysis of PTTh·PPy·Dex bilayer films showed an apparent increase in PPy
coverage of the PTTh with increasing deposition time. The overall morphology of
the films was strongly consistent with the nodular morphology of PTTh. As the PPy
deposition time was increased, a smooth covering over this nodular structure was
observed. At 1 minute PPy deposition, some lamina features were observed, which
may have been due to poorly adhered PPy. At PPy deposition times of 5 minutes and
greater, these lamina structures were not observed, suggesting that a more adherent,
homogeneous PPy layer had been deposited. The smoother PPy layer appeared to
cover the PTTh, suggesting the PPy was deposited around the nodules of the PTTh,
rather than just a blanket masking the underlying structure. The structure of the PPy
layer was more readily observed at longer deposition times (Figure 4.13).
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Figure 4.13 SEM images of (a) PTTh·Dex monolayer film; (b & c) PTTh·PPy·Dex bilayer films
prepared by Method 1 with (b) 20 min and (c) 30 min PPy deposition; (d – h) Main: PTTh·PPy·Dex
bilayer films prepared by Method 2 with PPy deposition times of (d) 1 min, (e) 5 min, (f) 10 min, (g)
20 min and (h) 30 min.

Inset: PPy·Dex monolayer films with analogous deposition times for

comparison.
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SEM was also carried out on a cross-section of a PTTh·PPy·Dex bilayer film, to find
if the interface between the two polymers could be observed. Energy-dispersive Xray spectroscopy (EDS) analysis was performed on the cross-section (Figure 4.14),
with monitoring of X-ray signals for nitrogen and sulphur, characteristic components
of PPy and PTTh respectively. A strong sulphur signal was observed, but no signal
for nitrogen was detected (Figure 4.14), independent of the area of the cross-section
analysed. These results do not appear to correlate with those obtained using Raman
spectroscopy (Section 4.3.3) or FTIR spectroscopy (Section 4.3.5), however this may
be due to differences in the test areas analysed. No distinct interface between the
two polymer layers was observed, either in terms of morphology or X-ray response.

Figure 4.14 Energy-dispersive X-ray spectrum obtained from a cross-section of PTTh·PPy·Dex
bilayer film. Strong signals from sulphur (S) and gold (Au) corresponded to PTTh and the gold mylar
substrate respectively. The fluorine (F) signal corresponded to Dex incorporated into the film. The
position of a nitrogen (N) signal is indicated, however no peak was observed.
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4.3.5 Specular reflectance FTIR spectroscopy of PTTh·PPy·Dex bilayer
films
Specular reflectance FTIR analysis of the bilayer films was performed to
qualitatively show the presence of the Dex in the polymer films. Spectra were also
obtained for PPy·Dex and PTTh·Dex monolayer films to identify peaks which
corresponded to the respective polymers (Figure 4.15).
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Figure 4.15 FTIR spectra of PTTh·PPy·Dex films prepared by Method 1 and Method 2 on gold
mylar. Analogous spectra of PTTh·Dex and PPy·Dex monolayer films are included for comparison,
as well as the spectrum for Dex. In the spectra of the bilayer films, peaks corresponding to C=O
stretch of Dex were observed at 1660 cm-1 (*). Characteristic peaks for PPy at ca. 1302 cm-1 (N-H
stretch) (●) and PTTh at ca. 790 cm-1 (C-H out-of-plane bend) (■) were observed in both
PTTh·PPy·Dex spectra.

Analysis of the PPy·Dex monolayer film showed characteristic peaks for the
polymer, including an N-H stretch (ca. 1302 cm-1), C=C stretch from the PPy
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backbone (ca. 1155 cm-1), N-H in-plane deformation (ca. 1086 cm-1), PPy ring bend
(ca. 1030 cm-1) and C-C out-of-plane deformation (ca. 960 cm-1) [40]. In the bilayer
films, characteristic peaks for both PPy and PTTh were observed, with N-H stretch
(1302 cm-1) of PPy and C-H out-of-plane bend (790 cm-1) of PTTh both identifiable,
suggesting that some areas of PTTh may have still been exposed. A clear peak at
approximately 1660 cm-1 was observed for both the bilayer films and the PPy·Dex
monolayer film, showing that Dex had been incorporated into the films during
polymerisation.

4.3.6 Solid state UV-visible spectroscopy of PTTh·PPy·Dex films
Solid-state diffuse reflectance UV-visible spectrum of PTTh·PPy·Dex films prepared
by Method 1 and Method 2 confirmed that they were in a doped (oxidised) state.
This was evidenced by the presence of π–π* (ca. 330 nm) and π-polaron (ca. 630 nm)
bands (Figure 4.16). These results correlated with the Raman spectra obtained,
showing the polymer/air interface of the PTTh·PPy·Dex films to be in an oxidised
state (Section 4.3.3).

Diffuse reflectance UV-visible spectroscopy is a surface

technique and therefore the bands observed were due to the upper PPy·Dex layer
only.
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Figure 4.16 Solid-state UV-vis spectrum of PTTh·PPy·Dex bilayer film. The spectrum shown was
obtained on a film prepared by Method 1, it is however representative of the results obtained for films
grown by Method 1 and Method 2. Characteristic π–π* (ca. 330 nm) (*) and π–polaron (ca. 630 nm)
(**) transitions were observed.

4.3.7 Open circuit potential
The open circuit potential (OCP) was monitored over a 4 hour period for
PTTh·PPy·Dex bilayer films prepared by Method 2 with a PPy deposition time of
20 minutes, as well as for PTTh·Dex and PPy·Dex monolayer films for comparison.
The OCP is the potential the working electrode is at when no current is flowing
through the system. Knowing the OCP for the polymers would give an indication of
the potentials at the working electrode during investigations of unstimulated Dex
release from the polymer films. This information could then be used to understand
the release results observed.

Monitoring the OCP for a polymer gives more

information than taking a single reading as the system requires time to stabilise.
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The OCP profiles were different for each film type as shown in Figure 4.17. Profiles
for PTTh·PPy·Dex and equivalent PPy·Dex films stabilised quite quickly, however
the PTTh·Dex film did not. At 240 min the potential at the PTTh·Dex electrode
continued to decrease.

Further monitoring of PTTh·Dex films showed that the

potential stabilised at approximately +0.12 V by 600 min. This constant decrease in
OCP indicates that the polymer was becoming less oxidised in nature. Comparison
of the OCP for PTTh·Dex with corresponding CV analysis shows that at potentials
lower than +0.40 V the polymer would be in a reduced state, therefore indicating that
the PTTh is becoming more reduced without the application of a potential stimulus.
This was supported by the spontaneous reduction phenomenon previously discussed
for PTTh (Chapter 3).
The results indicated that the OCP of PTTh·PPy·Dex bilayer films was closer to that
of the equivalent PPy·Dex monolayer film than the PTTh·Dex monolayer film. This
suggests that the overall behaviour of the bilayer film was dominated by the outer
PPy layer, correlating with the CV results observed for these films, where the
electrochemical response from the PPy was dominant.
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Figure 4.17 Mean average open circuit potential profiles (n=3) for (a) PTTh·Dex monolayer films, (b)
PTTh·PPy·Dex bilayer film prepared by Method 2, and (c) PPy·Dex monolayer films. The potential
was monitored in PBS electrolyte vs. Ag/AgCl reference electrode over 4 hours

4. 4 Conclusions
Bilayer films consisting of an inner layer of PTTh·Dex and an outer layer of
PPy·Dex were successfully prepared electrochemically by three different methods.
Electrochemical characterisation by cyclic voltammetry confirmed that PPy had been
deposited onto the underlying PTTh film. The electrochemical response from the
PTTh became masked as the PPy·Dex deposition time was increased. This was
especially prevalent when PPy was deposited potentiostatically (Method 3), as for
PPy deposition times greater than 5 minutes, no electrochemical response was
observed from the PTTh component of the film. For this reason only films deposited
by Method 1 (sequential addition of monomer) and Method 2 (galvanostatic
deposition of PPy·Dex) were investigated further. Preparation of bilayer films by
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Method 2 offered a greater degree of versatility in the composition of the resulting
film. As the monomer solutions were changed, an alternative dopant could be used
in the outer layer. This was not possible using Method 1 as the second monomer was
simply added to the original solution.
The electrochemical response of films prepared by both Method 1 and Method 2
exhibited redox peaks corresponding to both the polymer components of the bilayer
films, up to and including a PPy deposition time of 10 minutes. However at longer
deposition times the electrochemical response from PPy was found to dominate the
voltammograms. The open circuit potential measured for bilayer films prepared by
Method 2 with 20 minutes PPy·Dex deposition corresponded more closely to the
open circuit potential for equivalent PPy·Dex monolayer films than that of
PTTh·Dex monolayer films.
results.

This correlated well with the cyclic voltammetry

Morphological characterisation by SEM indicated that PPy had been

deposited onto the underlying PTTh.

However, the overall morphology of the

bilayer films was dominated by the nodular morphology of the underlying PTTh.
Raman analysis of the bilayer films gave spectra corresponding to PTTh at the
polymer/substrate interface and PPy at the polymer/air interface. However, spectra
from the polymer/substrate interface also contained bands corresponding to PPy,
indicating that PPy deposition had occurred throughout the deposited PTTh layer.
Due to this, no defined polymer/polymer interface could be detected or characterised.
Raman spectra from the polymer/substrate interface indicated that the underlying
PTTh was in a reduced state. However, as PPy deposition onto the PTTh layer was
achieved it was determined that the PTTh·Dex layer could not have been in a fully
reduced state. Raman spectra of the polymer/air interface showed the PPy to be in an
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oxidised state, and this was further confirmed by solid-state UV-visible
spectroscopy.

4. 5 Further work
Release experiments were carried out in conditions analogous to those used in
Chapter 3, enabling comparison of the release results to those obtained for PTTh·Dex
monolayer films.

To allow complete analysis of the results, analogous release

experiments were also carried out on PPy·Dex monolayer films deposited under
equivalent conditions for the same deposition times as those used in bilayer film
preparation. This work is detailed in Chapter 5.
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5 POLYTERTHIOPHENE·POLYPYRROLE BILAYER
STRUCTURES: DRUG RELEASE
5. 1 Introduction
The concept of polymer bilayer structures was introduced in Chapter 4. This chapter
looks at the application of these bilayer structures for controlled drug release.

5.1.1 Conducting polymer bilayers for controlled release
Electrochemical switching of conducting polymers between an oxidised and a
reduced state is accompanied by ion movement into or out of the polymer matrix to
maintain charge balance on the polymer backbone. The nature of the dominant ion
transport mechanism is dependant on polymer-ion interactions. Anion movement is
dominant when a small mobile dopant anion, e.g. Cl- is incorporated during polymer
synthesis. However, if a large dopant anion is used, a polyelectrolyte for example,
cation movement will be dominant [1]. This ion transport during redox switching
has been utilised in the application of conducting polymers for the controlled release
of therapeutic agents as was discussed in Chapter 1. Conducting polymers have been
used for the release of anionic drugs, for example dexamethasone [2] and glutamate
[3], as well as cationic therapeutic agents such as dopamine [4] and neurotrophic
factor [5, 6], where drug release was controlled in a cathodic or anodic manner
respectively.
Conducting polymers have been used in the design of bilayer structures for
controlled drug release applications.

Bilayer systems comprised of polypyrrole

(PPy) and poly(N-methylpyrrole) (PNMP) have been studied for the release of
sulfosalicylic acid (SSA) [7], dexamethasone [8], 2-ethylhexyl phosphate [9] and
adenosine 5’-triphosphate (ATP) [10, 11]. In these systems, the agent to be released,
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for example ATP, was incorporated into the inner PPy layer during
electropolymerisation. An outer layer of PNMP [7-10] or poly(aniline) (PAni) [7]
doped with poly(styrene sulfonate) (PSS) was then deposited over the PPy layer.
PSS is a large anion, therefore, polymers doped with this ion exhibit cation dominant
transport [12]. These bilayer structures were designed to exhibit dual ion transport,
with anion dominant transport occurring from the inner PPy layer and cation
dominated transport from the outer polymer layer. Pyo and Reynolds [11] also
developed a bilayer comprised of an inner PPy layer doped with ATP and an outer
PNMP layer into which heparin was incorporated. Heparin is a large anion which
was incorporated to maintain cation dominated transport in the outer layer while
improving biocompatibility of the substrate [11].
The layers in all these systems had separate redox potentials, with the inner PPy layer
having a lower redox potential than the outer PNMP [8, 10, 11] or PAni layer [7, 9].
The bilayer systems were designed with a lower redox potential inner layer and
higher redox potential outer layer to avoid the charge-trapping behaviour exhibited
by bilayer films structured in the inverse order [11]. This was discussed in greater
detail in Chapter 4, Section 4.1.
Bilayer systems comprised of PPy and polythiophene (PTh) layers have been
investigated [13-17].

However, to the best of the candidate’s knowledge, such

systems have not been studied for drug release applications.

Ayoub et al.

demonstrated that for a bilayer system consisting of a poly(methyl thiophene)
(PMeT) inner layer and PPy outer layer, the outer PPy hindered reduction of the
inner PMeT layer [13]. Torres and Fox also showed that PPy deposited on PTh
exhibited charge trapping, which caused the outer PPy layer to be trapped in an
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oxidised state upon reduction of the inner PTh layer [15]. However, this contradicted
the findings of Ayoub et al. who reported that a PMeT/PPy bilayer system did not
exhibit charge trapping behaviour [13].

5.1.2 Chapter aims
This chapter looks at the release of drugs from bilayer structures consisting of an
inner layer of polyterthiophene doped with dexamethasone phosphate and an outer
polypyrrole layer also doped with dexamethasone phosphate (PTTh·PPy·Dex). The
properties of these layered structures were characterised in Chapter 4. Release from
the films was studied both with and without electrochemical stimulation. The results
were compared to the release observed for PTTh·Dex monolayer films (Chapter 3).
Analogous release experiments were also performed using PPy·Dex monolayer films
so that complete comparison of the results obtained for bilayer and equivalent
monolayer films could be performed.
The bilayer system was used in an attempt to modify the release profiles of
polyterthiophene doped with dexamethasone phosphate (PTTh·Dex) by depositing
an outer PPy layer over the top. This was to determine whether the deposition of an
outer polymer layer could enable better control over the Dex release profile,
compared to monolayers of each polymer. The effect of changing the thickness of
this outer PPy layer on subsequent release was also investigated. The outer layer was
also doped with Dex to observe the effect of the bilayer system on release from the
outer PPy layer. The bilayer configuration of PTTh/PPy (rather than PPy/PTTh) was
used as it was thought that the outer PPy layer may prevent spontaneous reduction of
the inner PTTh film as it has been shown in the literature that an outer PPy layer can
hinder the reduction of an inner PTh layer [13].
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5. 2 Experimental
5.2.1 Reagents & Materials
2,2’:5’,2”-terthiophene (TTh, > 99%, Sigma-Aldrich), dexamethasone 21-phosphate
disodium salt (Dex, ≥ 98%, Sigma-Aldrich), sodium chloride (NaCl, Ajax, analytical
reagent), acetonitrile (Scharlau, HPLC grade), p-toluene sulfonic acid (Merck,
Germany), methanol (Ajax, analytical reagent) and sodium dihydrogen phosphate
(BDH, analytical grade) were all used as received. Phosphate buffered saline (PBS,
pH 7.4) was prepared using standard PBS tablets (Merck, Germany) dissolved in
MilliQ water (18 MΩ/cm) containing sodium chloride (0.15 M). Pyrrole (Py, Merck,
> 97%) was distilled prior to use and stored under nitrogen at –20 ºC.
Gold-coated mylar was purchased from CP Films Inc. (USA) and was rinsed with
MilliQ water then methanol and dried before use.

5.2.2 Electropolymerisation
All polymer films used in controlled release studies were prepared using the methods
detailed in Chapter 4.

5.2.3 Characterisation techniques
5.2.3.1 Electrochemical quartz crystal microbalance
Electrochemical quartz crystal microbalance (EQCM) measurements were obtained
using a Stanford Research Systems QCM200, in conjunction with an eDAQ
potentiostat system controlled by eDAQ Chart™ software (v.5.2.18). PPy·Dex films
were deposited on gold-coated quartz crystal (5 MHz Au/Cr crystal sensor, 1.27 cm2
working electrode area) at 0.28 mA/cm2, with the potential monitored vs. Ag/AgCl
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reference electrode, with deposition time of 20 minutes. Post-deposition, films were
rinsed thoroughly with MilliQ water, and then immersed in PBS solution (ca. 5 mL)
in the QCM cell. The frequency (Hz) and motional resistance (Ω) of the films were
monitored in situ during constant potential stimulation at –0.6 V, +0.3 V and +0.6 V
vs. Ag/AgCl. Fresh PPy·Dex films were prepared for each stimulation experiment.
Analogous studies were carried out on PTTh·Dex films, which were deposited on
gold-coated quartz crystal (1.27 cm2 working electrode area) at 0.28 mA/cm2, with
the potential monitored vs. Ag/Ag+ reference electrode, for a deposition time of 10
minutes. Post-deposition films were rinsed thoroughly with acetonitrile and MilliQ
water.

Frequency and motional resistance of the films were monitored during

stimulation at 0 V and +0.6 V vs. Ag/AgCl in PBS electrolyte.

5.2.4 Controlled release parameters
5.2.4.1 Stimulation protocols
Stimulated release experiments were performed by the method described in
Chapter 2 (Section 2.6.1).
Two electrical stimulation protocols were investigated in this study; constant
potential stimulation at 0 V and +0.6 V vs. Ag/AgCl reference and square wave
pulsed potential from 0 V to + 0.6 V at a frequency of 1 Hz with pulse duration of
500 ms. Each release protocol was continuously applied for the duration of the
release experiment (4 h) and each experiment was completed in triplicate.
5.2.4.2 Detection of dexamethasone phosphate
Dexamethasone phosphate (Dex) release was detected using UV-vis spectroscopy,
with the amount of Dex released calculated as detailed in Chapter 2, Section 2.6.2.1.
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The passive release of Dex was monitored ex situ using the method described in
Chapter 2 (Section 2.6.2.3). Stimulated release was monitored in situ using the
method described in Chapter 2 (Section 2.6.2.2).
5.2.4.3 HPLC analysis of release solutions
High performance liquid chromatography (HPLC) was performed on a Shimadzu
LC-20 HPLC system controlled using LC Solution software (v. 1.23) detailed in
Chapter 2 (Section 2.6.2.4). A mobile phase consisting of 50:50 v/v 0.02 M sodium
dihydrogen phosphate and methanol was used at a flow rate of 1 mL/min. Samples
were filtered using PVDF syringe filter (0.22 µm) prior to analysis and sample
volumes of 20 µl were injected onto the column (C18, Atlantis T3®, 4.6 mm ×
150 mm) with the absorbance results recorded at 242 nm using a UV-Vis detector.

5. 3 Results & Discussion
The release of Dex from PTTh·PPy·Dex bilayer films was investigated under
unstimulated (passive release) and electrochemically stimulated conditions in PBS
solution. Unstimulated release of Dex from PTTh·PPy·Dex films was carried out to
observe the release profile for Dex when no stimulation was applied to the polymer
films. Electrochemically controlled release studies of Dex from PTTh·PPy·Dex
polymer films were performed using constant potentials of 0 V and +0.6 V vs.
Ag/AgCl and square wave pulsed potential stimulation consisting of pulses from 0 V
to +0.6 V vs. Ag/AgCl at a frequency of 1 Hz. These stimulation protocols were
analogous to those used for stimulated release from PTTh·Dex films in Chapter 3
and were employed to enable comparison of the release results obtained from the
bilayer films to those for PTTh·Dex monolayer films. This was to observe the effect
that the additional PPy·Dex layer had on drug release from the underlying PTTh·Dex
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polymer films. Analogous release experiments were also carried out on PPy·Dex
monolayer films deposited at 0.28 mA/cm2, with the potential monitored vs.
Ag/AgCl from a solution of 0.4 M Py and 5 mM Dex in MilliQ water for deposition
times of 1, 5, 10, 20 and 30 minutes.

The release results observed for the

PTTh·PPy·Dex bilayer films were compared to the results obtained for each
constituent polymer under the same stimulation protocols. The mass of Dex released
was determined by quantitative UV-vis analysis of the release solution at 242 nm
(λmax of Dex). Subsequent UV-vis studies of the release solutions upon completion
of release experiments showed spectra typical of Dex for all of the stimulation
protocols used.

5.3.1 Release studies for PPy·Dex monolayer films
In order to analyse the results from PTTh·PPy·Dex bilayer films, equivalent
PPy·Dex monolayer films were prepared and analogous release experiments
performed. PPy·Dex monolayer films were prepared as previously described in
Chapter 4 (Section 1.2.2.2).
The mass of Dex released generally increased with increasing PPy deposition time,
and this trend was particularly prevalent after a release time of 4 hours for films
stimulated with constant potential of +0.6 V and pulsed potential (Figure 5.1).
Comparatively small masses of Dex were released from unstimulated PPy films and
those stimulated at 0 V, with little variation between deposition times observed
(Figure 5.1). No detectable passive Dex release was observed for unstimulated PPy
films with a deposition time of 1 minute. At 0 V, PPy·Dex films were in an oxidised
state, as shown by cyclic voltammetry (CV) (Figure 5.1(d)), therefore, when
stimulated at this potential dopant anions should not have been expelled from the
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polymer matrix. This is because the application of an oxidising potential to the
conducting polymer would increase the cationic characteristics of the polymer,
inhibiting release of the incorporated dopant anions so as to maintain charge
neutrality on the polymer backbone. The open circuit potential of the PPy·Dex films
was shown to be approximately +0.07 V vs. Ag/AgCl (Chapter 3, Section 3.3.7),
therefore when the polymer was not stimulated it would remain in an oxidised state
with minimal dopant release. The observed Dex release may be due to a relaxation
in the polymer structure upon application of an oxidising potential, a phenomenon
which has been demonstrated previously [18-20]. This relaxation allows counter
ions from the electrolyte solution to penetrate the polymer film, thus enabling any
loosely entrapped Dex molecules to diffuse out of the polymer matrix.
The mass of Dex released was calculated using the method detailed in Section
5.2.4.2. When the PPy·Dex films were stimulated with a pulsed potential protocol,
the mass of Dex released increased with increasing PPy deposition time, with masses
of 9 µg/cm2 (1 min PPy), 37 µg/cm2 (5 min PPy), 43 µg/cm2 (10 min PPy),
84 µg/cm2 (20 min PPy) and 114 µg/cm2 (30 min PPy) released at 4 hours. These
masses are significantly greater than those obtained at 0 V stimulation.
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Figure 5.1 Cumulative mass of Dex released from PPy·Dex monolayer films stimulated with different
protocols at release times of (a) 1 hour, (b) 2 hours and (c) 4 hours. PPy·Dex films were deposited
from a solution of 0.4 M Py and 5 mM Dex in MilliQ water onto gold mylar at 0.28 mA/cm2 for
varying deposition times (indicated). Error bars indicate the standard error of the mean (n=3). (d)
CVs of PPy·Dex films with varying deposition times (indicated) (data discussed in Chapter 4, Section
4.3.2.1). The potentials used for stimulated release are indicated (---) to show the corresponding
oxidation state of the PPy·Dex films.

The release profiles for PPy·Dex stimulated with a pulsed potential protocol showed
a more linear release over the 4 hour period studied than constant potential
stimulation (Figure 5.2), indicating that release could be sustained for longer periods
by using pulsed stimulation. This also showed that by varying the stimulation
protocol, the release profile of the drug from the polymer could be altered.
Stimulation of the PPy·Dex films with a constant potential of +0.6 V gave some very
interesting results. This stimulation protocol yielded the greatest mass of Dex release
from PPy for films with a deposition time greater than 10 minutes Masses of 150 ±
5 µg/cm2 (20 min PPy) and 272 ± 14 µg/cm2 (30 min PPy) were obtained. These
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masses are much higher than was previously observed for PTTh under any
stimulation protocol, and significantly higher than any previous work using PPy as a
drug release substrate. Previously reported masses of Dex released from PPy range
from 6 µg/cm2 [21] to 16 µg/cm2 [2] and more recently 106 µg/cm2 [22] where PPy
was coated onto nanostructured electrodes.

The amount of release observed

increased with increasing PPy deposition time as can be seen in Figure 5.1(b), a trend
which has been reported previously [22]. However, here the release increased in an
approximately linear manner in contrast to the results shown by Leprince et al. [22].
At +0.6 V the PPy·Dex film will be oxidised, which is clear from CV analysis of the
films (Figure 5.1(d)), and therefore dopant anions should not be expelled from the
polymer. Release from PPy stimulated at +0.5 V has been reported previously [23],
where it was attributed to conformational relaxation of the polymer upon oxidation.
However, the release quantities observed here are significantly greater than would be
expected from polymeric relaxation alone and are far in excess of the masses
reported by Luo et al. [23]. Mechanisms to account for the Dex release observed
from the PPy·Dex films stimulated at +0.6 V will be discussed in Section 5.3.1.2.
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Figure 5.2 Cumulative Dex release profiles for PPy·Dex films deposited from a solution of 0.4 M Py
and 5 mM Dex in MilliQ water onto gold mylar at 0.28 mA/cm2 for varying deposition times
(indicated) stimulated with (a) +0.6 V vs. Ag/AgCl constant potential and (b) pulsed potential (0 V to
+0.6 V vs. Ag/AgCl at a frequency of 1 Hz) over a 4 hour period. Each profile is a mean average
(n=3), error bars were omitted for clarity, however errors at discrete release time points have been
shown in Figure 5.1.
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5.3.1.1 HPLC analysis of release solutions
HPLC analysis of Dex release solutions was performed, to determine if other species
were interfering in the absorbance recorded at 242 nm and therefore contributing to
the unexpectedly high absorbances. Initial UV-vis analysis of the release solutions
(Figure 5.3) did not indicate that other species were absorbing at this wavelength, as
the spectra obtained were analogous to those observed for a standard Dex solution
(Figure 5.3 inset). However, the Dex absorbance peak was broad and therefore may
have masked other peaks occurring at, or close to, this wavelength (Figure 5.3).
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Figure 5.3 Main: UV-vis spectra of release solutions upon completion of release experiments during
which PPy·Dex films were stimulated at +0.6 V vs. Ag/AgCl for 24 hours. In each case, one clear
peak was observed which corresponded to Dex λmax (242 nm). Inset: UV-vis spectrum of standard
solution of Dex in PBS.

Chromatograms of PPy·Dex release samples from experiments when the film was
stimulated with 0 V constant potential or pulsed potential showed only one peak with
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a retention time of approximately 14 minutes, which was identified as corresponding
to Dex by comparison with a chromatogram of a standard Dex solution in PBS
(Figure 5.4(a)). Release samples from PPy·Dex stimulated with +0.6 V constant
potential showed two peaks with retention times of 3 minutes (Peak A) and
14 minutes (Figure 5.4(a)).

Chromatograms were obtained over a run time of

60 minutes, however no peaks were observed after the first 20 minutes indicating
that the sample was completely eluted; therefore the data shown only includes the
first 20 minutes of analysis. The peak at 14 minutes had the greatest area and
corresponded to Dex.

The ratio of the peak areas for the two peaks was

approximately 1:4 (Dex: Peak A), indicating that the species corresponding to peak
A did contribute to the UV absorbance at 242 nm. However, if the observed masses
of release for films stimulated at +0.6 V were reduced by a quarter, the mass of Dex
released would still be much greater than expected for stimulation at an oxidising
potential. The very short retention time of Peak A indicated that the corresponding
species was highly hydrophilic. Comparison was carried out with chromatograms of
pyrrole monomer with Dex in PBS (Figure 5.4(b)), but the monomer retention time
was approximately 5 minutes with a slightly broader peak than peak A. It was
possible that the peak may have been due to soluble oligomers of PPy, formed from
small amounts of monomer eluted from the polymer sample during release, as +0.6 V
is a suitable potential for pyrrole polymerisation. Solutions of Dex in PBS and Dex
with pyrrole monomer in PBS were stimulated with +0.6 V constant potential and
samples were analysed to observe whether additional species were formed.
However, HPLC analysis of the resulting solutions did not yield any additional peaks
corresponding to Peak A.
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Figure 5.4 (a) HPLC chromatograms of release solutions upon completion of release experiments
during which PPy·Dex films were stimulated at 0 V and +0.6 V vs. Ag/AgCl for 24 hours, with a
chromatogram of a Dex standard solution for comparison. (b) HPLC chromatograms of blank PBS
electrolyte and a PBS solution containing pyrrole monomer (Py) with Dex. HPLC analysis was
performed using a mobile phase consisting of 50:50 v/v 0.02 M sodium dihydrogen phosphate and
methanol with a flow rate of 1 mL/min.
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5.3.1.2 Electrochemical quartz crystal microbalance studies of PPy·Dex films
Electrochemical quartz crystal microbalance (EQCM) was used to further investigate
the PPy·Dex working electrode during the application of a constant potential of
+0.6 V. This technique provides the ability to measure mass and energy dissipation
properties of films while simultaneously carrying out electrochemistry on polymer
systems deposited on the oscillating quartz crystal surface. These measurements can
be used to describe the course of electropolymerisation of a film on the electrode or
can be used to study ion or solute transport within a film during changes in the film
environment or state, for example during oxidation or reduction of an electroactive
film driven by the underlying surface potential [24]. EQCM was used to measure the
frequency (Hz) of oscillation of the quartz crystal and also the motional resistance
(Ω) of the polymer film whilst potential stimulation was being applied. For elastic
materials, there is a linear relationship between the mass of material deposited on the
sensor surface (i.e. polymer) and the decrease in the oscillating frequency of the
sensor crystal [24]. The motional resistance relates to the viscoelastic properties of
the polymer, with an increase in motional resistance corresponding to an increase in
the molecular motion of the deposited polymer causing it to behave increasingly like
a viscous liquid [25]. In order to monitor changes in the PPy film, a PPy·Dex film
was deposited onto the quartz crystal at 0.28 mA/cm2, with the potential monitored
vs. Ag/AgCl reference electrode for a deposition time of 20 minutes. The film was
subsequently immersed in PBS electrolyte in the QCM cell, and a constant potential
of +0.6 V vs. Ag/AgCl was applied. The frequency and motional resistance of the
PPy·Dex film obtained during stimulation are shown in Figure 5.5(b).
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Figure 5.5 (a) Potential stimulation profile for PPy·Dex during in situ EQCM monitoring; (b)
frequency (F) and motional resistance (R) measurements for PPy·Dex film during constant potential
stimulation at +0.6 V vs. Ag/AgCl in PBS electrolyte over 4 hours; (c) Mean average (n=3)
cumulative release profile of Dex from PPy·Dex stimulated at +0.6 V vs. Ag/AgCl over 4 hours. The
PPy·Dex films used for these experiments were deposited from a solution of 0.4 M Py with 5 mM
Dex in MilliQ water at 0.28 mA/cm2 for a deposition time of for 20 min.
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Upon application of +0.6 V, an immediate decrease in the frequency of the film was
observed (Figure 5.5(b)). This decrease may have been due to anion, e.g. Cl-, uptake
from the electrolyte solution by the polymer film, to counter the increase in cationic
charge caused by the positive potential being applied to the polymer. Also, as
previously stated, some conformational relaxation of the polymer film may occur
upon oxidation allowing the electrolyte solution into the polymer matrix which may
further dampen the frequency. However, no significant change was observed in the
resistance of the film suggesting that the viscoelastic properties of the film did not
change significantly at that stage. The corresponding release profile showed that in
the initial stages (approximately 40 minutes) of stimulation, very little Dex was
released from the polymer film. This data suggests that the rate of ion uptake by the
film was much greater than the rate of any ion diffusion or expulsion from the film.
Polypyrrole is a mesoporous material which has been shown to swell and increase in
thickness upon oxidation [1, 26, 27]. The transition from the hydrophobic neutral
form to the hydrophilic charged form of the polymer can result in ion and/or solvent
ingress into the polymer film, causing swelling of the polymer [28] and a subsequent
increase in the viscoelastic nature of the polymer film [27].
The decrease in frequency continued until a critical point whereby a sudden change
in both the frequency and motional resistance of the film were observed (Figure
5.5(b)). The increase in motional resistance corresponds to a significant increase in
the viscoelasticity of the polymer film, which may have been due to solvent and ion
uptake by the film reaching a critical point causing the film to swell rapidly. The
change in frequency suggests that the rate of ion flux out of the film was greater than
the rate of ion uptake by the film. However, as a cationic charge was still being
applied to the polymer, therefore in theory anions would still be required within the
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polymer matrix to maintain charge neutrality. From the release results obtained it
was clear that Dex was being released from the films (Figure 5.5(c)), therefore, to
maintain charge neutrality, anionic uptake by the polymer may have been occurring
simultaneously. The molecular weight of Dex (516.4 g/mol) is much higher than that
of smaller anions present in the buffer solution, e.g. Cl- (35.5 g/mol), therefore if ion
exchange between Dex and Cl- ions was occurring a net decrease in the mass of the
polymer would be observed, thus the frequency at which the crystal was oscillating
would increase.

Although the data suggests that ion exchange may have been

occurring, it has been shown that Cl- ions have a lower doping affinity than Dex ions
in PEDOT [29], indicating that other mechanism(s) may be occurring.
An alternative mechanism which could account for the release results observed with
+0.6 V stimulation is nucleophilic attack of OH- on the α- and β- positions of the PPy
backbone, which may result in the formation of carbonyl groups and a subsequent
loss of conjugation upon further oxidation [30]. Such irreversible reactions on the
PPy backbone would cause the charge across the backbone to change, meaning that
Dex may be eluted as fewer dopant ions would be required,
A significant increase in the rate of Dex release from the polymer was observed from
approximately 50 minutes, which strongly correlated to the observed changes in the
polymer properties. Repetition of the EQCM experiment showed an analogous
pattern, however, the sharp change in frequency and motional resistance was
observed at a later time point. The studies were performed on separate PPy·Dex
films, and therefore variation between polymer films was likely to cause some error
in the results. This also has to be taken into account when comparing to the release
profiles as these are mean average results for triplicate samples.
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An analogous EQCM study was carried out with PPy·Dex stimulated at a constant
potential of -0.6 V (Figure 5.6). This potential would reduce the PPy film, and
therefore dopant anions (Dex) would be expelled from the polymer to counter the
negative potential being applied. In a separate experiment, the release of Dex from
PPy·Dex film with -0.6 V applied was monitored, (Figure 5.6(c)). The observed
profile was confirmed as being due to Dex release by UV-vis analysis of the release
solution. The EQCM results showed an immediate and significant decrease in the
frequency of the polymer film upon application of -0.6 V (Figure 5.6(b)). The
frequency decrease may have been due to the uptake of ions, e.g. Cl-, by the film
and/or infiltration of the electrolyte into the polymer film.

As the frequency

decreased, it is likely that if ion uptake did occur, the rate of ion uptake was greater
than the rate of ion expulsion by the polymer for this time period. However, no
simultaneous changes were observed in the motional resistance of the film,
suggesting that any ion or solution uptake by the polymer did not affect its
viscoelastic properties. Approximately 10 minutes after the potential was applied to
the film, the frequency began to increase (Figure 5.6(b)). This corresponded to a
mass loss from the polymer film and correlated well with the observed release profile
for film stimulated under analogous conditions. As a reducing potential was being
applied to the polymer film it was unlikely that anion exchange was occurring,
because dopant expulsion was required to maintain charge neutrality in the polymer
matrix.
Importantly, the mass of Dex released when the PPy was reduced (60 µg/cm2) was
significantly smaller than the release observed when the polymer was in an oxidised
state (158 µg/cm2).

In previous studies, drug release from PPy has only been

reported when the polymer was reduced [31-33] or stimulated by potential cycling
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[2] and in both scenarios release was attributed to the expulsion of the anionic dopant
to maintain the electro-neutrality of the polymer backbone. However, the results
shown here indicate that other mechanisms, including anion exchange may be
involved in Dex release from PPy. At the higher oxidation potential (+0.6 V)
competitive oxidation processes may have been occurring, whereby Dex ions were
expelled and other ions, e.g. Cl- which may have functioned as better dopant ions,
were incorporated into the film. The associated changes in motional resistance
(Figure 5.5(b)) indicated that the polymer became softer suggesting that there was an
increase in porosity of the film. Solvent would therefore be able to penetrate more
deeply into the film, allowing a greater amount of Dex to be released from the film.
When the polymer was reduced, no change in the motional resistance of the film was
observed (Figure 5.6(b)), indicating that the polymer remained comparatively stiff
with a more closed and less porous structure. Consequently, solvent would not
penetrate as deeply into the polymer and less Dex would be released.
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Figure 5.6 (a) Potential stimulation profile for PPy·Dex during in situ EQCM monitoring; (b)
frequency (F) and motional resistance (R) measurements for PPy·Dex film during constant potential
stimulation at -0.6 V vs. Ag/AgCl in PBS electrolyte over 4 hours; (c) Cumulative release profile of
Dex from PPy·Dex stimulated at -0.6 V vs. Ag/AgCl over 4 hours. The PPy·Dex films used for these
experiments were deposited from a solution of 0.4 M Py and 5 mM Dex in MilliQ water at
0.28 mA/cm2, with the potential monitored vs. Ag/AgCl for 20 min.
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To determine whether stimulation at less oxidising potentials triggered similar
results, analogous release and EQCM experiments were carried out on PPy·Dex
films stimulated at constant potentials of +0.3 V, the results of which are shown in
Figure 5.7. CV analysis of PPy·Dex films showed that at +0.3 V the polymer was in
an oxidised state (Figure 5.1(d)), however, this potential was closer to the oxidation
peak for the PPy, and therefore does not impart such a high cationic charge on the
polymer backbone.

Stimulation at +0.3 V yielded very little Dex release

(< 1 µg/cm2) compared with the release observed for +0.6 V or -0.6 V stimulation.
EQCM monitoring showed a slight decrease in the oscillating frequency of the
crystal, however, this change was gradual and significantly smaller than the changes
observed with +0.6 V stimulation. No significant changes were observed in the
motional resistance of the polymer film. The cyclic fluctuations observed in both the
frequency and resistance measurements (Figure 5.7) were attributed to environmental
interference. These results suggest that at a less oxidising potential, anion exchange
did not occur and almost all the Dex remained incorporated in the PPy film as
expected when the polymer is in an oxidised state.
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Figure 5.7 (a) Potential stimulation profile for PPy·Dex during in situ EQCM monitoring; (b)
frequency (F) and motional resistance (R) measurements for PPy·Dex film during constant potential
stimulation at +0.3 V vs. Ag/AgCl in PBS electrolyte over 4 hours; (c) Cumulative release profile of
Dex from PPy·Dex stimulated at +0.3 V vs. Ag/AgCl over 3 hours. The PPy·Dex films used for these
experiments were deposited from 0.4 M Py and 5 mM Dex in MilliQ water at 0.28 mA/cm 2, with the
potential monitored vs. Ag/AgCl for 20 min.
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5.3.2 Release studies from PTTh·PPy·Dex bilayer films prepared by
Method 1
Release studies were carried out on PTTh·PPy·Dex bilayer films prepared by
Method 1 (see Chapter 4, Section 4.2.2.3.1) with PPy deposition times of 20 and
30 minutes. Dex release was monitored over a 24 hour period (Figure 5.8).
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Figure 5.8 Cumulative Dex release profiles for PTTh·PPy·Dex bilayer films prepared by Method 1,
with varying PPy deposition times (indicated), (a) passive release and release when films were
stimulated with (b) 0 V constant potential, (c) +0.6 V constant potential and (d) pulsed potential (0 V
to +0.6 V at a frequency of 1 Hz). Each profile is a mean average (n=3), error bars were omitted for
clarity.

Comparison of the release profiles over 24 hours showed no significant differences
between stimulation protocols (Figure 5.8). The results indicated that changing the
stimulation protocol only affected the amount of Dex released from the films. It is
important to note that due to the nature of the structures used, the mechanisms
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involved in release would be extremely complex, and very difficult to elucidate by
modelling of the release profiles.
The overall trend in release showed that the amount of Dex released decreased with
stimulation protocols in the order +0.6 V > pulsed potential > 0 V > unstimulated.
As can be seen in Figure 5.9, no significant difference in release was observed
between PTTh·PPy·Dex films with 20 or 30 minutes PPy deposition, independent of
the stimulation protocol used. Stimulation at a constant potential of 0 V yielded
release amounts very similar to those obtained for unstimulated films. From cyclic
voltammetry analysis, it can be determined that at 0 V the inner PTTh film should be
in a reduced state (Figure 5.10(a)). However, CV analysis of the PTTh·PPy·Dex
bilayer films showed that for PPy deposition times of 20 and 30 minutes, no
electrochemical response was observed from the inner PTTh·Dex layer (Figure
5.10(b)). Correlating this data with the observed release suggests that the inner
PTTh·Dex layer was not significantly contributing to the release. The observed
release at 0 V suggests that the outer PPy·Dex layer was in an oxidised state (as
indicated in previous CV analysis) and therefore was not expelling the dopant anions
(Dex) from the polymer, hence very little release was observed. The release that was
observed could be attributed to conformational relaxation of the polymer allowing
loosely entrapped Dex molecules to diffuse out of the polymer matrix as previously
described (Section 5.3.1). As previously discussed (Section 5.3.1.2), ion exchange
may have also been occurring between the Dex dopant and other anions in the
release solution, resulting in Dex release. However, as only a small amount of Dex
release was observed, ion exchange was unlikely to be the dominant process.
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Figure 5.9 Cumulative mass of Dex released from PTTh·PPy·Dex bilayer and equivalent PTTh·Dex
and PPy·Dex monolayer films at release times of (a) 1 hour, (b) 2 hours, (c) 4 hours and (d) 24 hours
under various stimulation protocols.

The bilayer films were prepared by Method 1 with PPy

deposition times of 20 or 30 min (indicated). Error bars indicate the standard error of the mean (n=3).

Stimulation at a constant potential of +0.6 V gave the greatest amount of release.
This trend was analogous to that observed for PPy·Dex monolayer films under the
same stimulation protocol (as discussed in Section 5.3.1). The release observed from
bilayer films was generally lower than that observed for the equivalent PPy·Dex
monolayer films. It has been previously shown that depositing PPy onto the highly
porous nodular morphology of PTTh enhances drug release from the PPy attributed
to the increase in surface area [21], however, this trend was not observed here. As
discussed in Chapter 4 (Section 4.3.1.1), PPy·Dex monolayer films could not be
deposited from the mixed water/acetonitrile solvent system used to prepare bilayer
films by Method 1, therefore the PPy·Dex monolayer films were prepared from
water only. As the PPy·Dex films were deposited from different solvent systems,
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direct comparison of the release from the resulting films may be inaccurate. At
24 hours, the release amounts observed from the PTTh·PPy·Dex bilayer films
stimulated with +0.6 V and pulsed potential were greater than those observed for
PTTh·Dex monolayers (Figure 5.9(d)), independent of the PPy deposition time.
However, stimulation at 0 V gave greater release from PTTh·Dex monolayer films
than from the PTTh·PPy·Dex bilayers. This supports the hypothesis proposed that
the inner PTTh·Dex layer did not contribute significantly to the release from the
Method 1 bilayer films.
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Figure 5.10 CVs of (a) PTTh·Dex film prepared by galvanostatic deposition from a solution of
20 mM TTh and 5 mM Dex in 15% (v/v) MilliQ water in acetonitrile at 0.28 mA/cm2, with the
potential monitored vs. Ag/Ag+ for 10 min and (b) PTTh·PPy·Dex films prepared by Method 1 with
PTTh deposition time of 10 min and varying PPy deposition times (indicated) at 0.28 mA/cm 2, with
the potential monitored vs. Ag/Ag+. CVs were performed in PBS electrolyte vs. Ag/AgCl at a scan
rate of 50 mV/s, the mean average (n=3) of the 3rd cycle is shown in each case. Arrows indicate the
direction of the potential scan.
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5.3.3 Release studies from PTTh·PPy·Dex bilayer films prepared by
Method 2
Release studies were carried out on PTTh·PPy·Dex bilayer films prepared by
Method 2 (detailed in Chapter 4, Section 4.2.2.3.2.) with PPy deposition times of 1,
5, 10, 20 and 30 minutes, with release monitored over a 4 hour period (Figure 5.11).
The results obtained were compared with those for equivalent PPy·Dex monolayer
films deposited from MilliQ water onto bare gold mylar for analogous deposition
times.
The trend in mass of Dex released from bilayer films prepared by Method 2 was
similar to that observed for films prepared by Method 1 (Section 5.3.2), with +0.6 V
constant potential stimulation releasing the greatest amount (Figure 5.11(a)).
Stimulation with +0.6 V constant potential and pulsed potential gave increased Dex
release with increasing PPy deposition time for deposition times less than
20 minutes. However there was no significant difference between films with 20 and
30 minutes PPy deposition for either stimulation protocol. There was no significant
difference between the masses released under 0 V constant potential stimulation and
unstimulated films (Figure 5.11). The release profiles obtained for PTTh·PPy·Dex
films prepared by Method 2 varied with the stimulation protocol used (Figure
5.11(b)). This was not observed for bilayer films prepared by Method 1. As can be
seen in Figure 5.11 (b) and (c), constant potential stimulation at 0 V and
unstimulated films exhibited similar release profiles, although the masses of Dex
released differed between the two protocols.

The profiles obtained at +0.6 V

constant potential and pulsed potential stimulation were markedly different both
from each other and from the profiles obtained for 0 V/unstimulated films. An initial
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period of rapid burst release was observed for films stimulated with +0.6 V, with the
release rate then reaching a plateau. The amount of Dex released by this plateau
varied with increasing PPy deposition time. When films were stimulated with pulsed
potential, a period of burst release was also observed, however the rate of release in
this burst period was lower than that observed with +0.6 V stimulation, especially for
films with 20 and 30 minutes PPy deposition. After the initial burst release, Dex was
still being released, albeit at a much slower rate. This pattern of release can be useful
in applications where an initial burst of treatment followed by subsequent sustained
release is required. However, it is important to note that the results presented were
obtained over a relatively short period (4 hours) and this is not a significant duration
with respect to the biologically relevant inflammatory response which this type of
system would be intended to reduce. Further long term studies would be required to
look at release over longer periods; however these initial results are encouraging.
The observed differences in release profile with stimulation protocol show that by
changing the type of stimulation used, the release of Dex from the bilayer films can
be controlled. It also shows that release can be more readily controlled when the
bilayer films were prepared by Method 2, as this change in release profile with
stimulation protocol was not observed for bilayer films prepared by Method 1.
However, the changes observed for bilayer films was not as pronounced as for
analogous PPy·Dex monolayer films under the same stimulation protocols (Figure
5.2).
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Figure 5.11 (a) Mass of Dex released from PTTh·PPy·Dex bilayer films prepared by Method 2 with
varying PPy deposition times (indicated) after 4 hours at varying stimulation protocols. Error bars
indicate the standard error of the mean (n=3); (b-e) Cumulative Dex release profiles for
PTTh·PPy·Dex bilayer films prepared by Method 2 with varying PPy deposition times with (b) no
stimulation or stimulated with constant potentials of (c) 0 V, (d) +0.6 V or (e) pulsed potential.

184

Chapter 5

Bilayer structures: Drug release

5.3.4 Comparison of release: monolayer vs. bilayer
5.3.4.1 PTTh·Dex monolayer and PTTh·PPy·Dex bilayer films
The release profiles observed for bilayer films prepared by both Method 1 and
Method 2 differed greatly from the release profiles for PTTh·Dex monolayer films
under the same stimulation protocols (see Chapter 3). This was especially clear
under +0.6 V stimulation, when PTTh·Dex exhibited an almost linear release profile,
with a significant decrease in both rate and quantity of release when compared to
those obtained under 0 V constant potential stimulation. For bilayer films prepared
by Method 2, with a PPy·Dex deposition time of only 1 minute, the observed release
profiles for PTTh·PPy·Dex bilayer films (Figure 5.11) differed greatly from the
profiles observed for PTTh·Dex monolayer films. The mass of Dex released from
the PTTh·PPy·Dex bilayer system (with 1 minute PPy deposition) at 4 hours was
also much lower than that from the analogous PTTh·Dex monolayer, particular for
unstimulated films where a mass of 14 ± 3 µg/cm2 was released from PTTh·PPy·Dex
bilayer compared to 55 ± 6 µg/cm2 from PTTh·Dex. These differences in mass
released and release profiles for bilayer and PTTh·Dex monolayer films with no
stimulation suggested that spontaneous reduction of the inner PTTh·Dex layer may
not have occurred in the PTTh·PPy·Dex bilayer films, hence a smaller amount of
release was observed.

With a PPy·Dex deposition time of 1 minute, an

electrochemical response was observed from the inner PTTh·Dex layer (Figure
5.12). These results indicated that even though the electrolyte was able to access the
inner PTTh·Dex layer, release from the inner film was impeded compared to
PTTh·Dex monolayer films.
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Figure 5.12 CV of PTTh·PPy·Dex bilayer film prepared by Method 2 with a PPy·Dex deposition
time of 1 min. CV performed in PBS electrolyte at a scan rate of 50 mV/s with 5th cycle shown.
Arrows indicate the direction of the potential scan.

5.3.4.2 PPy·Dex monolayer and PTTh·PPy·Dex bilayer films
The release profiles for bilayer films were closer to the equivalent PPy·Dex
monolayer films, with a rapid burst release, followed by a significant reduction in
release rate. However, the release rate after the initial burst phase was qualitatively
greater from bilayer films than that from equivalent PPy·Dex monolayer films. This
may be attributed to the underlying PTTh·Dex layer, which enhances the amount of
Dex available for release and serves as an additional source of the drug.
However, the difference in mass of Dex release between bilayer films and the
equivalent PPy·Dex monolayer films was not significant. This suggests that the
increased release from bilayer films was due to the increased surface area of the
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films due to the underlying PTTh rather than the additional Dex incorporated into the
PTTh layer.

5. 4 Conclusions
The aim of this work was to study the release of Dex from PTTh·PPy bilayer
structures. The effect of the outer polypyrrole layer on the spontaneous reduction of
the inner polyterthiophene was investigated to determine if the use of a bilayer
structure yielded greater control over drug release than was obtained using
monolayers of each constituent polymer. From the release results obtained, it can be
seen that the addition of an outer layer of PPy clearly affects the release observed
when compared to that from a PTTh·Dex monolayer substrate. The release observed
for bilayer films prepared by both Method 1 and Method 2 was more accordant with
the release observed for equivalent PPy·Dex monolayer films than that observed for
PTTh·Dex monolayer films under analogous stimulation protocols. The presence of
the underlying PTTh·Dex film was found to result in greater release from PPy·Dex
than was observed for PPy·Dex alone. This was likely to be due to the increased
surface area of PPy in the bilayer film, caused by the nodular morphology of the
underlying PTTh·Dex layer. Some differences were observed in the release achieved
under the various stimulation protocols employed, in particular for bilayer films
prepared by Method 2. However, complete control over the release was not achieved
under any of the stimulation protocols investigated. The fact that some differences in
release were observed indicates that the use of electrochemical stimulation can be
utilised to affect the release of dopant anions from these structures.
Interesting release results were obtained for PPy·Dex monolayer films, whereby
large masses of Dex release were observed when the polymer was in a highly
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Such release under oxidising conditions has not been reported

previously to the best of the candidate’s knowledge. The high levels of release were
attributed to anion exchange between the drug (Dex) dopant and other anions from
the PBS electrolyte solution, as indicated by EQCM results. UV-vis and HPLC
analysis confirmed that the release observed was due to Dex. These findings clearly
indicated that the mechanisms involved in the electrochemically stimulated release of
dopant ions from PPy are more complex than being simply due to electrostatic
interactions, whereby the dopant anions are only expelled upon application of a
negative (reducing) potential in order to maintain charge neutrality on the polymer
backbone.
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6 EFFECT OF CARBON SUBSTRATES ON
POLYTERTHIOPHENE DEPOSITION
6. 1 Introduction
6.1.1 Spontaneous reduction of polyterthiophene in aqueous media
The oxidised state of polythiophene (PTh) has been shown to be unstable when in an
aqueous environment, as it undergoes spontaneous reduction to the undoped neutral
state [1, 2]. After electropolymerisation, PTh is not in equilibrium, despite being in
an oxidised state with sufficient anion incorporation to maintain charge balance
within the polymer [3]. In order to reach equilibrium, steric relaxation processes
occur in the polymer and these processes may contribute to a decrease in affinity for
electrons, therefore the PTh tends to become more reduced in nature [3]. This
process occurs in air, however the polymer becomes further reduced when placed
into solution [3]. This spontaneous reduction (or auto reduction) process has been
attributed to many factors such as slow reduction of PTh by impurities, for example
water, present in the film [3]. The role of water in PTh auto-reduction has been
attributed to the increased reactivity of oxidised PTh to water [1, 4]. The rate of
auto-reduction has been shown to depend on several factors including humidity [5],
degree of doping [6] and the dopant molecule used [7, 8].
The degree of surface auto-reduction in polyterthiophene (PTTh) has been correlated
to the work function of the electrode material [9]. The work function of a material is
the energy needed to remove one electron from the surface of the material to a point
that is just outside and adjacent to the surface [9]. A material with a low work
function therefore requires less energy to remove electrons than a material with a
high work function. The oxidation state of a polymer deposited on the surface of an
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electrode is therefore affected by the work function of the underlying electrode
material [9]. It was found that electrode materials with a higher work function
resulted in the PTTh layer adjacent to the substrate having a more oxidised character
than polymer further away from the substrate, causing the polymer at the
polymer/electrode interface to be more oxidised than the polymer at the polymer/air
interface, hence auto-reduction was observed at the polymer surface [9]. Glassy
carbon had the lowest work function of the substrates investigated, and it was found
the polymer was in a doped state both at the polymer/substrate and polymer/air
interfaces, therefore no auto-reduction was observed at the polymer surface [9].
Single-walled carbon nanotubes have been shown to have a work function of ca.
5.05 eV [10] which is lower than that observed for gold ca. 5.4 eV [11]. For this
reason, carbon nanotube based materials were investigated as an alternative to goldcoated mylar for the deposition of PTTh.

6.1.2 Carbon nanotubes
Carbon nanotubes (CNTs) are allotropes of carbon which are widely reported as
being discovered by Iijima in 1991 [12]. Previous to this there were reports of
nanometer diameter tubes of carbon, the earliest being in 1952 [13]. CNTs can be
multi-walled (MWNT) or single-walled (SWNT) [14]. In effect CNTs are graphene
(single layer of graphite) sheets which are rolled up into a seamless tube which has a
diameter on the order of a nanometer [15]. CNTs can be made in several ways
including arc discharge, laser ablation and chemical vapour deposition (CVD) [16].
CNTs have attracted a great deal of interest in recent years due to their unique
electronic, structural and mechanical properties, such as high tensile strength, high
thermal stability and good chemical stability. CNTs can also be metallic or semi192
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Due to these unique properties, CNTs have been

investigated for many applications, including super-capacitors [17, 18], batteries
[19], sensors [20-22] and electromechanical actuators [23].

Many studies have

looked at the electrochemistry of CNTs including Barisci et al. [24, 25], Krivenko et
al. [26], as well as a review by J.J. Gooding [15] which looks at the electrochemistry
of CNTs and their application to sensing. An understanding of the electrochemical
behaviour of CNTs is necessary because of the types of applications for which these
materials are suitable. CNTs have generated a significant interest as an electrode
material due to the afore mentioned properties as well as their large surface area
caused by the porosity of the materials formed [27]. The mechanical properties of
carbon nanotube electrodes have also been investigated in various electrolytes [28].
The mechanical properties of an electrode are of importance as electrodes must be
durable so they remain intact after many voltage cycles have been applied. This is an
important factor for consideration for many of the proposed applications.
Typically carbon nanotube materials need to be dispersed in a surfactant or
dispersant and/or they need to be functionalised prior to use. Studies have been
carried out to look at various dispersants for CNTs including ionic/non-ionic
surfactants e.g. sodium dodecylbezene sulfonate (SDBS) [29] and biomolecules [30].
The dispersant used will depend on the intended application of the material.

6.1.3 Biological applications of CNTs
Over recent years interest in potential biological applications of CNTs has increased
greatly with many reviews being available in the literature [31-36]. In terms of
biological applications the main focus has been on using CNTs for biosensors [21,
37-39], cell culturing [34, 40, 41] and drug delivery [42-44].

The ability to
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functionalise CNTs with biomolecules is very important for biomedical application.
Several biomolecules have been investigated for this purpose, including DNA [30,
45-47], chitosan [30, 48-50] and chondroitin sulphate [30]. An alternative method for
the incorporation of biomolecules with CNTs is to functionalise the nanotubes [5154].
An important consideration when looking at CNTs for biological applications is their
biocompatibility. Several studies have been carried out looking at the cytotoxicity
and biocompatibility of CNTs [55-57]. Service [58] and Shevdova et al. [59] have
shown that CNTs display cytotoxicity to human keratinocyte cells. Mattson et al.
[60] demonstrated that CNTs can inhibit the growth of embryonic rat brain neurons.
However, Thompson et al. demonstrated that single-walled carbon nanotubes were
not toxic to L929 fibroblast cells [34]. It has been suggested however, that the
biocompatibility of CNTs may well be determined by surface functionalisation rather
than by the size and shape of the particles or the type of material [42]. Further
review of the toxicology and pharmacology of CNTs was also carried out by
Kostarelo [61].

However, it is clear that the area of carbon nanotube

biocompatibility is still under much scrutiny.

6.1.4 Chapter aims
This chapter looks at the use of materials containing single-walled carbon nanotubes
(SWNTs) as substrates for the deposition of polyterthiophene doped with
dexamethasone phosphate (PTTh·Dex).

SWNTs were dispersed using the

biomolecules DNA and chitosan with a standard surfactant, TritonX-100, used for
comparison. The SWNT dispersions were used to prepare filter deposited papers and
drop cast films. The electrochemical and morphological properties of these materials
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Electrochemical Raman spectroscopy was used to

investigate the effect of applying electrochemical stimulation on the chemical
properties of the SWNTs incorporated into the paper substrates.
Materials formed using SWNTs dispersed in chitosan (SWNT·Chit) were
subsequently used as substrates for the deposition of PTTh·Dex. Commercially
available carbon fibre paper was also used for comparison. It was important to
determine whether the use of carbon-based substrates affected the oxidation state of
the deposited PTTh, both in air and in aqueous media. PTTh·Dex deposited onto
gold mylar was shown to spontaneously reduce when placed into aqueous solution
(Chapter 3). This resulted in a large amount of Dex release without the application
of a stimulus to the polymer. This chapter investigates if the use of carbon-based
substrates could have an effect on the oxidation state of the deposited PTTh by
preventing the spontaneous reduction processes, which may subsequently alter the
release properties of the PTTh·Dex.

6. 2 Experimental
6.2.1 Reagents & Materials
Single-walled carbon nanotubes (SWNTs) produced by the HiPCO process were
obtained from Carbon Nanotechnologies Inc. (lot no. PO317). DNA (Mw 6.0 x
106 Da, lot no. 04056) purified from salmon sperm was obtained from Nippon
Chemical Feed, Japan. Chitosan (medium molecular weight) was obtained from
Sigma Aldrich, Australia. TritonX-100 surfactant (Aldrich, Australia), sodium
chloride (NaCl, Ajax, analytical reagent), , 2,2’:5’,2”-terthiophene (TTh, > 99%,
Sigma-Aldrich), dexamethasone 21-phosphate disodium salt (Dex, ≥ 98%, SigmaAldrich), acetonitrile (Scharlau, HPLC grade) and glacial acetic acid (Ajax,
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analytical grade) were all used as received. Phosphate buffered saline (PBS, pH 7.4)
was prepared using standard PBS tablets (Merck, Germany) dissolved in MilliQ
water (18 MΩ/cm) containing sodium chloride (0.15 M).
Gold-coated mylar was purchased from CP Films Inc. (USA) and was rinsed with
MilliQ water then methanol and dried before use. Carbon foil (Goodfellow, UK) and
carbon fibre paper (Ballard Material Products Inc.) were used as received.

6.2.2 Preparation of SWNT dispersions
SWNT dispersions were prepared using three different dispersants. TritonX-100
dispersions were prepared with 0.05% w/v SWNTs in 1% w/v TritonX-100 aqueous
surfactant. SWNTs dispersed with biomolecules were prepared with 0.05% w/v
SWNT and 0.05% w/v DNA or chitosan. Dispersions with DNA were prepared in
MilliQ water and chitosan dispersions were prepared in 1.5% v/v acetic acid. All
solutions containing dispersant and nanotubes were dispersed using probe sonication
(Branson Digital Sonicator). SWNTs were dispersed using pulsed ultrasonication
(0.8 sec on, 0.2 sec off) for 1.5 h at 25% of total vibration amplitude. The quality of
the resulting dispersion was analysed by placing a small sample between two glass
slides and imaging with transmission light microscope (Leica DFC microscope)
coupled with Leica application suite software (v. 2.4.0).

6.2.3 Preparation of SWNT substrates
6.2.3.1 Preparation of SWNT·Chit drop cast films
Prior to drop casting, 1 mL samples of the SWNT·Chit dispersion was centrifuged
(Eppendorf 5415D Centrifuge) at 10000 rpm for 30 min, to remove larger aggregates
from the dispersion.

After centrifugation, the supernatant was used to prepare
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SWNT·Chit films by drop casting an aliquot (100 µL) of the dispersion onto a gold
mylar substrate with a masked area of 0.9 cm2. Once cast, the films were allowed to
air dry for 24 hours.
6.2.3.2 Preparation of SWNT papers
To form papers comprised of SWNTs, the prepared dispersions (detailed in Section
6.2.2) were vacuum filtered through PVDF membrane (0.22 µm) to form porous
sheets. Following filtration, papers formed with TritonX-100 as the dispersant were
washed with MilliQ water and methanol to remove any excess surfactant. Papers
which were formed with chitosan were not rinsed so that the biomolecule remained
incorporated within the paper.

6.2.4 Electropolymerisation onto carbon substrates
Deposition of PTTh·Dex was attempted on drop cast films and SWNT paper
prepared from SWNT·Chit dispersions as well as onto commercially available
carbon fibre paper.
6.2.4.1 Carbon substrate pre-treatment
In order to polymerise PTTh·Dex onto SWNT drop cast films, electrochemical
activation of the SWNTs was required. Substrates were potential cycled in PBS
solution over a potential range of 0.0 V to +0.75 V vs. Ag/AgCl reference electrode
at a scan rate of 50 mV/s for 10 cycles. Films were subsequently rinsed with MilliQ
water and allowed to dry in air before polymerisation was performed.

For

consistency, all carbon based substrates used were treated in the same way before
polymerisation was carried out.
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SWNT·Chit paper (prepared as detailed in Section 6.2.3.2) and carbon fibre paper
were sputter coated on one side with a layer of gold, approximately 10 nm in
thickness. This was used to simulate the underlying gold layer provided by the gold
mylar substrate used for the drop cast films (prepared as detailed in Section 6.2.3.1).
6.2.4.2 Electropolymerisation of PTTh·Dex onto carbon substrates
PTTh·Dex was synthesised electrochemically by galvanostatic deposition onto
carbon substrates. PTTh·Dex was deposited from a solution containing 20 mM TTh
and 5 mM Dex in 15% v/v MilliQ water in acetonitrile, which was purged with
nitrogen before use. For deposition on SWNT·Chit drop cast films and SWNT·Chit
paper, a current density of 0.28 mA/cm2 was used, with the potential monitored vs.
Ag/Ag+ reference electrode. Deposition onto carbon fibre paper was performed at
0.75 mA/cm2. A higher current density was used to compensate for the higher
surface area of the substrate due to its highly porous nature. A deposition time of 10
minutes was used for all films. Post-deposition, films were rinsed for 10 minutes
each in acetonitrile and MilliQ water and then allowed to dry in air.

6.2.5 Characterisation techniques
6.2.5.1 Electrochemical characterisation
Electrochemical characterisation of SWNT substrates was performed by cyclic
voltammetry (CV) using an eDAQ potentiostat system (model EA161) controlled by
eDAQ EChem software (v.2.0.7). The electrochemical cell was set up as described
in Chapter 2 Section 2.3.2. CVs were performed in aqueous electrolyte solutions (10
mL) containing sodium chloride (0.1 M) or PBS, with all electrolyte solutions purged
with nitrogen before use.

For characterisation of SWNT·TritonX-100 and
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SWNT·Chit papers, potential scans were carried out between –0.8 V and +1.0 V at a
scan rate of 50 mV/s vs. Ag/AgCl reference electrode.
PTTh·Dex deposited on carbon substrates was characterised by cycling between 0 V
and +0.75 V vs. Ag/AgCl at a scan rate of 50 mV/s vs. Ag/AgCl. The potential was
initially swept in the anodic direction.
6.2.5.2 Raman spectroscopy
Raman spectroscopy was performed using a Jobin Yvon Horiba HR800 Raman
spectrometer controlled with LabSpec software (v. 5.45.09).

Laser excitation

wavelengths of 632.81 nm and 785 nm were used, with a diffraction grating of
300 lines/mm and 100x magnification. For samples analysed through solution a
long-working distance microscope objective was used.
6.2.5.2.1

Electrochemical Raman spectroscopy

In order to obtain Raman spectra of electrodes in situ during electrochemical
stimulation, a custom built electrochemical cell was used (Figure 6.1).

In this

electrochemical system a carbon foil counter electrode and a silver wire pseudoreference electrode were used. The laser was focussed onto the working electrode
surface through the electrolyte solution and spectra of the electrode were obtained.
Potential stimulation was applied to the working electrode using an eDAQ
potentiostat system (model EA161) controlled by eDAQ Chart™ v.5.2.18 software.
Spectra of SWNT papers were obtained during constant potential step stimulation
where the applied potential was increased in 0.2 V intervals between –1.0 V and
+1.0 V vs. Ag wire, with step duration of 15 minutes at each potential.
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Figure 6.1 (a) Photograph showing cell set up used for electrochemical Raman spectroscopy. (b)
Schematic diagram showing a cross-section of the electrochemical Raman cell configuration. For
these experiments a carbon foil counter electrode and silver wire pseudo-reference electrode were
used.

The working electrode was SWNT paper with carbon foil attached to allow electrode

connection.

The Raman laser was focussed through the electrolyte onto the working electrode

material.

6.2.5.3 Scanning electron microscope
Scanning electron microscope (SEM) images were obtained on a JEOL7500 field
emission scanning electron microscope (FESEM) at typical voltages of 5 kV.
Samples were sputter-coated with a thin layer (ca. 5 nm) of gold to obtain clearer
images and to avoid charging of samples.
200

Chapter 6

Effect of carbon substrates on polyterthiophene

6. 3 Results & Discussion
6.3.1 Preparation of SWNT dispersions
SWNTs were dispersed using the biomolecules DNA and chitosan, as well as with a
standard surfactant, TritonX-100.

Comparison of microscope images of the

dispersions (Figure 6.2) showed that the dispersion formed using TritonX-100 was
more homogeneous than those obtained with either DNA or chitosan. However,
even with TritonX-100, some aggregates of SWNTs were observed indicating that
complete separation of the SWNT soot into individual nanotubes had not been
achieved. Of the three dispersants used, DNA gave the dispersion with the largest
aggregates.

Chitosan gave dispersions with fewer large aggregates than DNA,

indicating that of the two biomolecules used it was the better dispersant. Chitosan
was therefore chosen as the biomolecule dispersant used in preparation of SWNT
substrates in this work.
DNA has previously been investigated as a dispersant for carbon nanotubes (CNTs).
It has been shown to disperse CNTs for fibre-spinning applications [47], and it has
also been shown to form uniform coatings of CNTs when used as a dispersant [62].
Chitosan has also been previously studied for dispersing CNTs [63]. Using DNA
and chitosan as binders in CNT papers has been shown to produce materials which
were mechanically stronger than analogous papers formed using standard surfactants
such as TritonX-100 [63]. CNT materials formed using DNA or chitosan have also
been shown to be suitable for the growth of L929 cells [63]. These properties make
CNT papers formed with DNA or chitosan suitable for applications such as
bioelectrodes [63]. Chitosan has also been used previously for diameter-selective
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dispersion of SWNT [64], and both DNA and chitosan have been shown to be
successful diameter-selective dispersants for multi-walled carbon nanotubes [30].

(a) Chitosan

(b) DNA

200 μm

200 μm

(c) TritonX

200 μm

Figure 6.2 Optical microscope images of SWNTs dispersed with (a) chitosan, (b) DNA and (c)
TritonX-100.

6.3.2 Preparation of carbon based substrates for PTTh polymerisation
6.3.2.1 Preparation of SWNT·TX and SWNT·Chit papers
Once SWNTs were dispersed in TritonX-100 or chitosan (Section 6.2.3.2), SWNT
papers were formed by filtration under vacuum through a PVDF membrane
(0.22 µm). Filtration of the SWNT dispersion in TritonX-100 (SWNT·TX) resulted
in free standing SWNT·TX papers within 48 hours. Some problems were initially
encountered with filtration of SWNT·Chit dispersions in that the filtered SWNT·Chit
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residue could not be removed from the filter membrane. This issue was overcome by
coating one side of the PVDF filter membrane with a thin layer (ca. 10 nm) of
platinum. The platinised side of the PVDF membrane was placed in contact with the
dispersion during filtration providing a barrier which prevented the SWNT·Chit
residue from attaching to the membrane.
6.3.2.2 Preparation of SWNT·Chit drop cast films
Drop cast films were prepared from SWNT·Chit dispersion which had been
centrifuged after sonication (Section 6.2.3.1). Chitosan was used as the dispersing
molecule as it was shown to give a better initial dispersion than DNA (Section 6.3.1).
The dispersion was centrifuged before drop casting to remove large aggregates which
were observed in the dispersion after sonication (Figure 6.3). Figure 6.3 shows that
after centrifugation, large aggregates of SWNTs were no longer observed in the
supernatant of the dispersion.

(a)

50 μm

(b)

50 μm

Figure 6.3 Optical microscope images of SWNT·Chit dispersion (a) post- ultrasonciation for 1.5 h,
pre-centrifugation and (b) the same dispersion after centrifugation at 10000 rpm for 30 min.
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The presence of large aggregates in the dispersion was undesirable as it resulted in
non-homogeneous film deposition due to the relatively small volumes of dispersion
that were drop cast. By centrifuging the dispersion and only using the supernatant to
prepare films, the prepared films were more homogeneous and reproducible. No
large aggregates were observed in the films prepared from the centrifuged
supernatant when observed using transmission light microscope (Figure 6.4). Films
prepared from a dispersion which had not been centrifuged exhibited significant
aggregation (Figure 6.4). Films were cast onto gold mylar substrate which had been
masked to an area of 0.9 cm2. Dispersion aliquot volumes of 50 µL, 75 µL, 100 µL,
150 µL and 200 µL were used to determine which resulted in a more even coverage
of the gold mylar substrate. It was found that 100 µL was the optimal volume as this
amount gave complete coverage of the gold mylar substrate without any over-flow of
liquid. The resulting films were smooth and shiny in appearance.

(a)

100 μm

(b)

100 μm

Figure 6.4 Optical microscope images of dry SWNT·Chit films cast on gold mylar using 100 µL of
SWNT·Chit dispersion which was (a) centrifuged and (b) not centrifuged
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6.3.3 Electrochemistry of SWNT·TX and SWNT·Chit papers
Cyclic voltammetry (CV) was performed on SWNT·TX and SWNT·Chit papers to
look at the electrochemical properties of these materials (Figure 6.5). CVs were
performed in 0.1 M NaCl electrolyte at a scan rate of 50 mV/s vs. Ag/AgCl.
The electrochemical response of the SWNT·TX and SWNT·Chit papers was very
similar, with both showing a mainly capacitive response. SWNT·TX paper gave a
higher capacitive current than SWNT·Chit paper, suggesting that the SWNT·TX had
a higher electroactive surface area.

SWNT·TX and SWNT·Chit papers were

prepared using the same mass of SWNTs, with identical electrode geometries
(0.06 cm2) being used for electrochemical characterisation. However, the mass of
SWNTs in each electrode was not quantified therefore there may have been
differences in the carbon content of the electrodes, which would also cause
differences in the apparent electroactivity of these materials. During preparation of
the SWNT·TX paper, thorough rinsing to remove excess surfactant was carried out,
however, SWNT·Chit papers were not rinsed so that the chitosan remained
incorporated into the paper (Section 6.2.3.2). The presence of the biomolecule may
have resulted in a less porous substrate than that formed with TritonX-100 surfactant,
therefore reducing the electroactive surface area.

The morphology of these

substrates is discussed in Section 6.3.4.

205

Chapter 6

Effect of carbon substrates on polyterthiophene

2.0
SWNT·TX

1.5

SWNT·Chit

Oxidation

Current (mA)

1.0

0.5
0.0
-0.5
-1.0
Reduction

-1.5
-1.0
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Figure 6.5 CVs of SWNT papers formed from SWNTs dispersed in TritonX-100 (SWNT·TX) and
chitosan (SWNT·Chit). CVs were performed in 0.1 M NaCl at a scan rate of 50 mV/s vs. Ag/AgCl.
The 5th cycle is shown in each case and the arrows indicate the direction of the potential scan. Weak
oxidation and reduction peaks were observed at ca. +/–0.1 V respectively (indicated).

Weak redox peaks at ca. +/–0.1 V were observed in the CVs for both substrates
(Figure 6.5). This response may have been due to functional oxygenated groups
present on the SWNTs in the substrate [65, 66]. As an identical response was
observed for SWNT papers prepared with both TritonX-100 and chitosan it was
probable that the redox response observed was due to the nanotubes in the sample
and not the dispersant.

6.3.4 SEM analysis of SWNT·TX and SWNT·Chit papers
Scanning electron microscope images of SWNT·TX and SWNT·Chit papers were
obtained to look at the morphology of these materials.
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The SEM images obtained showed intertwined SWNTs for both films, with similar
morphologies being observed that were independent of the dispersant used (Figure
6.6). The paper formed with TritonX-100 surfactant (Figure 6.6(a)) appeared to have
a more porous morphology than that formed using chitosan (Figure 6.6(b)). This
correlated with the enhanced capacitive CV result obtained for the material (Section
6.3.3).

Figure 6.6 SEM images of (a) SWNT·TX and (b) SWNT·Chit papers. Inset images are of the same
materials at higher magnification

6.3.5 Electrochemical Raman analysis of SWNT papers
Raman spectroscopy was performed in situ during potential stimulation of
SWNT·TX and SWNT·Chit papers in 0.1 M NaCl electrolyte (Figure 6.7).
Electrochemical Raman analysis was performed to observe whether the application
of a potential to the SWNT papers had a significant effect on the properties of the
materials, and whether different changes were observed depending on the dispersant
used to prepare the paper. Spectra were also obtained through electrolyte solution
when no potential stimulation was being applied for comparison (Figure 6.7). A
laser excitation line of 785 nm was used to allow better resonance with the radial
breathing mode region of the spectrum [67].
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The Raman spectra obtained for both SWNT·TX and SWNT·Chit materials in air
showed peaks characteristic of SWNTs (Figure 6.7).

An overview of the

characteristic features of Raman spectra of SWNTs is given in Chapter 2, Section
2.5.4. Bands corresponding to radial breathing modes (RBM) were observed at 200300 cm-1, with characteristic bands at ca. 1300 cm-1 and ca. 1590 cm-1 corresponding
to the D-band and G-band respectively. The shape of the G-band can be used to
determine whether the SWNTs in a samples are metallic or semi-conducting in
nature [68]. The shape of the G-band in the spectra obtained for the SWNT·TX and
SWNT·Chit materials (Figure 6.7) indicated that the SWNTs in the sample were
semi-conducting in nature [69].
Comparison of the spectra obtained for SWNT·TX paper in air and through
electrolyte without potential stimulation showed an upward shift of the G-band from
1590 cm-1 to 1593 cm-1 upon addition of the electrolyte (Figure 6.7(a)). Relative
intensity changes between the RBM region and G-band were also observed when
spectra were obtained through electrolyte. The application of potential stimulation,
resulted in additional relative intensity changes between the RBM region and Gband, however, no shifts in peak positions were observed. These changes may have
been caused by changes in the resonance conditions due to the addition or removal of
electrons from the valence states of the nanotubes when potential was applied [70].
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Figure 6.7 Raman spectra of (a) SWNT·TX and (b) SWNT·Chit papers in 0.1 M NaCl, with applied
constant potentials of +0.6 V and -0.2 V vs. Ag wire. Spectra of the papers in solution with no
potential applied are shown for comparison.

Spectra were obtained with 785 nm laser line.

Characteristic SWNT bands were observed at 200-300 cm-1 (radial breathing modes) (RBM), ca.
1300 cm-1 (D band)(D) and ca. 1590 cm-1(G-band) (G).
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The spectra obtained for SWNT·Chit in air and through electrolyte showed that the
addition of electrolyte did not cause a change in the properties of the nanotubes as no
band shifts or relative intensity changes were observed (Figure 6.7(b)).

The

application of a positive potential resulted in a decrease in the relative intensity of the
RBM region (Figure 6.7(b)). This may have been due to a depletion of the valence
band electrons associated with resonant excitations [70].
Comparison of the spectra obtained in air for SWNT·TX and SWNT·Chit showed no
differences in band positions which indicate that the presence of the biomolecule did
not cause changes in the chemical properties of the SWNTs.

6.3.6 Electropolymerisation of polyterthiophene onto carbon based
substrates
6.3.6.1 Polymerisation of polyterthiophene on SWNT·Chit drop cast films
Initially polymerisation of PTTh·Dex was performed directly onto as-cast
SWNT·Chit films. Polymerisation was carried out under the conditions optimised in
Chapter 3. Deposition was performed galvanostatically at 0.28 mA/cm2 (0.25 mA),
with the potential monitored vs. Ag/Ag+ reference, from a solution containing
20 mM TTh and 5 mM Dex in 15% (v/v) water in acetonitrile, for a deposition time
of 10 minutes. However, uniform polymer deposition was not obtained on these ascast films. To investigate the electrochemical properties of the bare SWNT·Chit
films, cyclic voltammetry experiments were performed (Figure 6.8). CVs of the bare
SWNT·Chit material gave a capacitive response with no redox peaks over the
potential range scanned (Figure 6.8). A decrease in current was observed over the
initial 4-5 cycles before stabilising (Figure 6.8). It was found that the films required
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potential cycling conditioning between 0 V and +0.75 V vs. Ag/AgCl at a scan rate
of 50 mV/s in PBS solution in order to achieve uniform polymer deposition.

0.5
1st cycle

Current (mA)

0.4

0.3

0.2

10th cycle

0.1

0.0

-0.1
-0.1

0.1

0.3

0.5

0.7

0.9

Potential vs. Ag/AgCl (V)

Figure 6.8 CVs of a SWNT·Chit drop cast film deposited onto gold mylar. CVs were performed in
PBS electrolyte at a scan rate of 50 mV/s vs. Ag/AgCl reference for 10 cycles. The arrows indicate
the direction of the potential scan.

It has been previously demonstrated that potential cycling of CNT based substrates
can improve the wetting of the material in aqueous solution, due to the formation of
defect sites on the CNTs [71].

Electrochemical pre-treatment of carbon based

electrodes can also have a significant effect on the electron-transfer properties of
redox systems [72]. Subjecting carbon-based electrodes to electrochemical oxidation
can also increase the heterogeneous electron-transfer rate of these materials due to
the introduction of defects and oxygen-containing groups on the surface of the
nanotubes [73]. Sanchez et al. studied the effect of electrochemical activation of
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CNT/polymer composites, showing that electrochemical activity could in fact be
tuned between partially and fully-activated [73].
The voltage generated at the SWNT·Chit film electrode during PTTh·Dex deposition
was between +0.7 V and +0.9 V (vs. Ag/Ag+) with a very small increase in potential
over the duration of deposition (Figure 6.9). This increase indicated that during
polymer deposition, the material became more resistive in nature or that depletion of
the monomer solution was occurring. The observed voltages were very similar to
those seen during PTTh·Dex deposition onto bare gold mylar; therefore showing that
the presence of the SWNT·Chit drop cast film did not significantly increase the
conductivity of the electrode.

Potential vs. Ag/Ag+ (V)

1
0.9

(b) SWNT·Chit drop cast film

0.8

(a) Gold mylar

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

2

4

6

8

10

Time (min)
Figure 6.9 Voltage profiles generated during PTTh·Dex deposition onto (a) bare gold mylar and (b)
onto SWNT·Chit drop cast film at 0.28 mA/cm2, with the potential monitored vs. Ag/Ag+ from a
solution containing 20 mM TTh and 5 mM Dex in 15% (v/v) water in acetonitrile.
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6.3.6.2 Polymerisation of polyterthiophene on SWNT·Chit paper
Prior to use, SWNT·Chit paper was coated on one side with a thin layer (ca. 10 nm)
of gold. This was to give an underlying gold layer to the substrate analogous to the
SWNT·Chit films which were cast onto gold mylar. The gold side of the paper was
masked so that it would not be exposed to the electrolyte or monomer solution. This
was to prevent polymer deposition occurring on both sides of the substrate, so that
direct comparison to the drop cast films could be made.

SWNT·Chit paper

electrodes (0.5 x 2 cm) were masked to a geometric area of 0.25 cm2. Smaller
electrodes were used due to the size of the SWNT·Chit paper produced. The smaller
size allowed several electrodes to be obtained from the same SWNT·Chit paper,
therefore minimising substrate variability between films.
To maintain consistency with the drop cast films, each SWNT·Chit paper electrode
was pre-treated by potential cycling between 0 V and +0.75 V vs. Ag/AgCl at a scan
rate of 50 mV/s for 10 cycles in PBS electrolyte. After cycling, the films were rinsed
with MilliQ water and allowed to dry in air before polymerisation. PTTh·Dex
polymerisation was carried out using the conditions described in Section 6.3.6.1.
The voltages observed during polymer deposition varied between +0.7 V to +0.8 V.
This was slightly lower than the voltages observed during deposition onto bare gold
mylar or SWNT·Chit drop cast films. This may be attributed to the slightly greater
electroactive surface area of the SWNT·Chit paper due to the higher porosity of this
substrate compared to analogous SWNT·Chit drop cast films, or due to differences in
conductivity between the substrates. The applied current was calculated for the
geometric surface area of the electrode, not the electroactive surface area. If the
electroactive surface area of the electrode was increased the application of the same
level of current would result in a lower current density, which may cause a decrease
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in the voltage observed. Also, the dispersion was centrifuged before preparing drop
cast films; therefore the carbon content of these substrates would be reduced
compared to that of the filtered SWNT·Chit papers prepared from non-centrifuged
dispersions. Polymer deposition was visible on this substrate, however it was patchy,
and complete coverage of the underlying substrate was not achieved. The deposited
polymer appeared to cover approximately 70 – 80% of the SWNT·Chit paper
substrate, however the areas covered were different on each sample.

Polymer

deposition under analogous conditions was also carried out on slightly larger
SWNT·Chit paper electrodes (0.5 cm2), but full substrate coverage was also not
achieved.
6.3.6.3 Polymerisation of polyterthiophene on carbon fibre paper
Commercially available carbon fibre paper was used for comparison with the
prepared SWNT·Chit substrates. As for SWNT·Chit paper electrodes (Section
6.3.6.2), one side of the carbon fibre paper was coated with a thin layer of gold
(ca. 10 nm) and then this side was masked to prevent contact with the electrolyte or
monomer solutions. Carbon fibre paper electrodes were then masked to give a
geometric electrode area of 0.9 cm2. Prior to polymerisation the electrodes were also
electrochemically pre-treated using cyclic voltammetry using a method analogous to
that used for the other carbon based substrates (Section 6.3.6.1).
Initial polymerisation onto the substrate was performed galvanostatically at
0.28 mA/cm2, with the potential monitored vs. Ag/Ag+ from a solution containing
20 mM TTh and 5 mM Dex in 15% (v/v) water in acetonitrile, for a deposition time
of 10 minutes. These were the conditions for PTTh·Dex deposition optimised in
Chapter 3. However at this current density the potential generated was very low
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(ca. +0.2 V) and no polymer deposition was observed. The inability to deposit PTTh
in this case was likely due to the comparatively high electroactive surface area of the
substrate. The applied current density was calculated based on the geometric surface
area of the electrode. However, the increased electroactive surface area of the highly
porous and nanostructured electrode means that the applied current density was
actually much lower than required. The applied current was therefore increased to
maintain a current density similar to that applied to the gold mylar substrate during
polymerisation. It was found that using a current density of 1.1 mA/cm2 (1 mA)
generated a working electrode potential of ca. +1.5 V vs. Ag/Ag+. At this potential a
steep increase in potential was observed during deposition, which may have been
indicative of polymer over-oxidation.

At a current density of 0.83 mA/cm2

(0.75 mA) this sharp increase was not observed and a potential of ca. +1.0 V was
generated. Some increase in potential was observed during deposition indicating that
the deposited polymer became more resistive during deposition or that monomer
depletion was occurring. However, this increase was similar to that observed during
deposition onto gold mylar (Figure 6.10). It was found that reproducible polymer
films were not achieved even when analogous polymerisation conditions were used.
Visible polymer coverage of the entire electrode was also not observed, independent
of the current density used. Varying degrees of substrate coverage were observed
under analogous polymerisation conditions, with the deposited polymer appearing to
be more powder-like in appearance than films deposited onto gold mylar. As the
films were removed from the monomer solution after deposition, black particles were
observed to come off the surface of the polymer indicating that the polymer may not
have been well adhered to the substrate.
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Figure 6.10 Voltage profiles generated during PTTh·Dex deposition onto (a) gold mylar at 0.28
mA/cm2and onto carbon paper at current densities of (b) 0.83 mA/cm2 and (c) 1.1 mA/cm2 from
20 mM TTh and 5 mM Dex in 15% (v/v) water in acetonitrile. The potential was monitored vs.
Ag/Ag+ reference in all cases.

6.3.7 Electrochemical characterisation of PTTh on carbon substrates
Electrochemical analysis by CV was used to confirm the presence of PTTh·Dex on
the substrate after polymerisation and to compare the electrochemical properties of
the substrates before and after PTTh·Dex deposition.
6.3.7.1 PTTh·Dex on SWNT·Chit drop cast films
CV analysis of SWNT·Chit drop cast film on gold mylar showed only a capacitive
current with no redox peaks observed over the potential range scanned (Figure 6.11).
Once polymer deposition had been carried out, a clear change in the shape of the CV
was observed, with redox peaks corresponding to PTTh·Dex visible (Figure 6.11).
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Figure 6.11 CVs of (a) SWNT·Chit drop cast film before (SWNTChit) and after PTTh·Dex
deposition (SWNTChit-PTThDex) and (b) PTTh·Dex deposited on bare gold mylar. CVs were
performed in PBS electrolyte at a scan rate of 50 mV/s vs. Ag/AgCl with the 5 th cycle shown in each
case. Arrows indicate the direction of the potential scan.
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Oxidation and reduction peaks for PTTh·Dex deposited on SWNT·Chit drop cast
film were observed at ca. +0.37 V and +0.40 V respectively (Figure 6.11(a)). These
were at lower voltages than for PTTh·Dex deposited on gold mylar, where oxidation
and reduction peaks were observed at +0.5 V and +0.55 V respectively (Figure
6.11(b)). The redox peaks observed for PTTh·Dex deposited on SWNT·Chit (Figure
6.11(a)) were not as well defined as those observed for PTTh·Dex deposited on bare
gold mylar (Figure 6.11(b)). This may be due to the capacitive current of the
underlying SWNT·Chit film. The current observed for PTTh·Dex deposited on
SWNT·Chit drop cast film (ca. 0.3 mA) (Figure 6.11(a)) was lower than that
observed for PTTh·Dex deposited on gold mylar (ca. 0.8 mA) (Figure 6.11(b)). This
may have been due to the presence on non-conducting chitosan in the drop-cast film.
6.3.7.2 PTTh·Dex on SWNT·Chit paper
CV analysis of SWNT·Chit paper showed a highly capacitive current (Figure 6.12),
which was greater in magnitude than that observed for SWNT·Chit drop cast films
(Figure 6.11(a)). This indicated that the paper substrate had a higher electroactive
surface area than drop cast films. Due to the method of preparation, the SWNT
paper substrate would be expected to have a higher degree of porosity than drop cast
films. The presence of larger pores in SWNT·Chit papers compared to equivalent
drop cast films was confirmed by SEM analysis as shown previously in Section
6.3.8.2. Redox peaks were observed in the CV of SWNT·Chit paper, which may be
attributed to functional oxygenated groups present on the nanotubes which may have
exhibited an electroactive response [65, 66].
CV analysis of SWNT·Chit paper electrodes after PTTh·Dex deposition showed a
slight decrease in the capacitive current of the electrode (Figure 6.12). The shape of
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the CV also changed indicating that the material had become more resistive in
nature. Redox peaks were not observed in the CV of the substrate after PTTh·Dex
deposition. Polymerisation did not result in full coverage of the substrate, therefore
any electrochemical response from the deposited polymer may have been lost in the
response of the SWNT·Chit paper substrate.

The changes in the CV response

suggest that the electrode became more resistive with slower electron transfer once
the PTTh had been deposited.
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Figure 6.12 CVs of (a) bare SWNT·Chit paper electrode and (b) PTTh·Dex deposited onto
SWNT·Chit paper. CVs were performed in PBS electrolyte at a scan rate of 50 mV/s vs. Ag/AgCl
with the 5th cycle shown in each case. Arrows indicate the direction of the potential scan.

6.3.7.3 PTTh·Dex on carbon fibre paper
CV analysis of bare carbon fibre paper electrode showed a capacitive response with
no redox peaks observed within the limits of the applied potential scan (Figure 6.13).
The magnitude of this capacitive current was significantly larger than that observed
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for bare SWNT·Chit substrates (drop cast film or paper). This indicated that the
carbon fibre paper had a much greater electroactive surface area than the SWNT·Chit
substrates, which may have been due to a higher porosity resulting from the fibrous
nature of the carbon fibre paper.
Deposition of PTTh·Dex onto the carbon fibre paper resulted in little change in the
CV response of the electrode, with a similar capacitive current and no redox peaks
from the polymer observed (Figure 6.13).

The shape of the CV after PTTh

deposition indicated a decrease in the resistance of the electrode. . It is possible that
any response from the polymer was masked by the high capacitive current from the
substrate.

However, as previously mentioned (Section 6.3.6.3), complete and

uniform polymer coverage of the substrate was not obtained, which may have been
due to the resistive nature of the carbon fibre paper substrate, as indicated by the CV
(Figure 6.13).
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Figure 6.13 CVs of (a) bare carbon fibre paper and (b) PTTh·Dex deposited onto a carbon fibre paper
electrode. CVs were performed in PBS electrolyte at a scan rate of 50 mV/s vs. Ag/AgCl with the 5 th
cycle shown in each case. Arrows indicate the direction of the potential scan.

6.3.8 Morphological characterisation of PTTh·Dex on carbon-based
substrates
Morphological characterisation of the substrates was performed using scanning
electron microscopy.

Images were obtained of the substrates before and after

PTTh·Dex deposition for comparison.
6.3.8.1 SWNT·Chit drop cast films
SEM analysis of the bare SWNT·Chit drop cast film showed a uniform morphology,
with the carbon nanotubes in the film clearly visible (Figure 6.14(a)).

Once

PTTh·Dex deposition was carried out, the morphology of the electrode changed
significantly (Figure 6.14 (b) and (c)). The observed morphology was analogous to
that observed of PTTh·Dex deposited onto bare gold mylar which is shown for
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comparison (Figure 6.14(d)). This indicates that the presence of the SWNT·Chit
layer had not affected the deposition of the polymer. Analysis indicated that uniform
PTTh·Dex deposition was achieved across the substrate.

(b)

(a)

1 μm

1 μm
(c)

(d)

1 µm

10 μm

10 µm

Figure 6.14 SEM images of (a) SWNT·Chit drop cast film before PTTh·Dex deposition, (b) & (c)
SWNT·Chit drop cast film after PTTh·Dex deposition at two levels of magnification and (d)
PTTh·Dex deposited on gold mylar with two levels of magnification shown.

6.3.8.2 SWNT·Chit paper
SEM analysis of bare SWNT·Chit paper showed a flat morphology with CNTs
clearly observed (Figure 6.15(a)). Comparison of this structure to that obtained for
the SWNT·Chit drop cast film (Figure 6.14(a)) indicated that the SWNT·Chit paper
had a more porous morphology. This was likely to be due to the presence of larger
SWNT aggregates in the filtered material as the dispersion was not centrifuged
before filtering.
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(d)

1 μm

Figure 6.15 SEM images of (a) SWNT·Chit paper before PTTh·Dex deposition, (b) & (c)
SWNT·Chit paper after PTTh·Dex deposition at two levels of magnification, obtained close to the
edge of the electrode and (d) a central area of SWNT·Chit paper electrode after PTTh·Dex deposition.

After PTTh·Dex deposition was carried out, a significant change in morphology was
observed. However, the morphology was not uniform across the substrate with clear
differences observed between the edge (Figure 6.15(b) and (c)) and centre (Figure
6.15(d)) of the same electrode.

The morphology observed at the edge of the

electrode was similar to that observed for PTTh·Dex deposited on gold mylar (Figure
6.14(d)). However, some cracks were observed in the polymer suggesting that the
polymer may not have been completely adhered to the underlying substrate.
Analysis of the centre of the same electrode did not show a morphology
characteristic of PTTh·Dex. Analysis of other samples gave similar results to those
shown with small areas of an electrode having PTTh morphology and other areas
having a completely different appearance. This confirmed that homogeneous and
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reproducible polymer deposition was not obtained on the SWNT·Chit paper
substrate.
6.3.8.3 Carbon fibre paper
Analysis of bare carbon fibre paper showed a very smooth morphology with no
significant features (Figure 6.16). The morphology of the bare carbon fibre paper
was quite different from that observed for the SWNT·Chit substrates, with no
nanoscale fibres observed.
After PTTh·Dex deposition a significant change in morphology was again observed
(Figure 6.16(b)-(d)).

However, the morphology of the deposited polymer was

significantly different to that observed when deposition was carried out on to gold
mylar (Figure 6.14(d)).

The polymer morphology also changed significantly

between different areas of the same sample, with much greater deposition observed
in some areas compared to others (Figure 6.16(b) and (d)).

The SEM results

obtained confirmed that uniform polymer deposition was not obtained on the carbon
fibre paper substrate.
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Figure 6.16 SEM images of (a) carbon fibre paper before PTTh·Dex deposition, (b) & (c) carbon
fibre paper after PTTh·Dex deposition at two levels of magnification, obtained close to the edge of the
electrode and (d) a different area of carbon fibre paper electrode after PTTh·Dex deposition.

6.3.9 Raman spectroscopy of PTTh·Dex deposited on carbon-based
substrates
Raman spectra of carbon-based substrates and PTTh deposited on these substrates
were obtained using a laser excitation wavelength of 632.81 nm.

Raman

spectroscopy was used to confirm the presence of PTTh on the substrates and to
subsequently probe the oxidation state of deposited polymer. Raman spectra were
also obtained through PBS electrolyte solution to investigate whether the underlying
substrate prevented the auto-reduction of the PTTh as was observed for PTTh
deposited on gold mylar (Chapter 3).
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6.3.9.1 PTTh·Dex deposited on SWNT·Chit drop cast film
The Raman spectrum of the SWNT·Chit drop cast film showed bands characteristic
of SWNTs (Figure 6.17(a)) (as detailed in Section 6.3.5), with radial breathing
modes observed at 200-300 cm-1 and a D-band at ca. 1300 cm-1. The D-band has a
second harmonic, the G`-band which was observed at ca. 2580 cm-1.
Spectra obtained of SWNT·Chit samples after PTTh·Dex deposition showed
characteristic peaks of PTTh, with bands indicative of C-S-C deformations (ca. 630715 cm-1), C-H bend (ca. 1040 cm-1), C-C stretches (ca. 1170-1200 cm-1) and C=C
stretch (ca. 1450 cm-1) observed (Figure 6.17(b)). When the film was in a dry state
no peaks from the underlying SWNT·Chit were observed. When PBS electrolyte
solution was placed onto the sample, significant changes in the resulting Raman
spectra were observed. After the sample had been under solution for 5 min, new
bands at ca. 1590 cm-1 and 2580 cm-1 were observed (Figure 6.17(b)).

These

corresponded to G- (1590 cm-1) and G’-bands (2580 cm-1) from the underlying
SWNT substrate. When the sample had been under solution for 30 min, the bands at
ca. 1590 cm-1 and 2580 cm-1 had become more intense and bands corresponding to
the RBM region (250-300 cm-1) of the SWNT spectrum were also observed. This
may have been due to swelling and/or lifting of poorly adhered PTTh upon
immersion in solution resulting in exposure of the underlying substrate. SWNTs
give a very strong Raman response, therefore exposure of even a small area of the
SWNT substrate would result in corresponding bands being observed.
Distinct changes were also observed in bands corresponding to PTTh. Changes to
the C=C symmetric stretching (1442 cm-1), C-C stretching (1163 cm-1) and C-S-C
deformation (694 cm-1) bands were observed, which indicated that the oxidation state
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of the polymer had changed. The PTTh changes from an oxidised state in the dry
film to a reduced state when the sample had been in solution for 30 minutes. In order
to confirm this, spectra of PTTh·Dex deposited on gold mylar were obtained in situ
whilst potential stimulation was being applied to the polymer (Figure 6.18).
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Figure 6.17 Raman spectra of (a) SWNT·Chit drop cast film and (b) PTTh·Dex deposited on
SWNT·Chit drop cast film with spectra obtained in a dry state and through solution. The spectra
shown in (b) were normalised to the band at ca. 1040 cm-1 (C-H bend). The spectrum for SWNT·Chit
drop cast film had characteristic SWNT bands observed at 200-300 cm-1 (radial breathing modes)
(RBM), ca. 1300 cm-1 (D band)(D), ca. 1590 cm-1(G-band) (G) and ca. 2580 cm-1 (G’ band) (G’).
Spectra for PTTh·Dex on SWNT·Chit drop cast films showed characteristic PTTh bands at 1442 cm-1
(C=C symmetric stretch) (▲), 1163 cm-1 (C-C stretch) (■) and 694 cm-1 (C-S-C deformation) (●).
Upon immersion in solution, SWNT bands appeared in the spectrum with RBM (*), G (**) and G’
(***) bands observed. Spectra were obtained using laser excitation wavelength of 632.81 nm.

228

Intensity (a.u.)

Chapter 6

Effect of carbon substrates on polyterthiophene

PTThDex at 0 V
(Reduced)

PTThDex at +0.6 V
(Oxidised)

200

400

600

800

1000

1200

1400

1600

1800

Wavenumber (cm-1)
Figure 6.18 Raman spectra of PTTh·Dex film obtained in situ during constant potential stimulation
at 0 V and +0.8 V vs. Ag wire in PBS electrolyte. Spectra were obtained using an excitation
wavelength of 632.81 nm. Upon application of a reducing potential (0 V) changes in C-C stretching
(1163 cm-1) (■) and C-S-C deformation (694 cm-1) (●) bands were observed and C=C symmetric
stretching band (▲) shifted from 1445 cm-1 to 1453cm-1. Spectra were obtained using laser excitation
wavelength of 632.81 nm

Upon application of a reducing potential, clear changes were observed in the bands at
650-750 cm-1 (C-S-C deformations) and 1150-1210 cm-1 (C-C stretches), as well as a
shift in the C=C stretching band from 1445 cm-1 to 1453 cm-1 (Figure 6.18). These
changes are indicative of a change in oxidation state of PTh from the oxidised to the
reduced state, as demonstrated by Bazzaoui et al. [74].
The Raman analysis of PTTh deposited on SWNT·Chit drop cast films indicates that
auto-reduction of PTTh still occurs in solution. This suggests that the presence of a
SWNT based substrate does not stabilise the oxidation state of the polymer as a
glassy carbon substrate has been shown to do [9]. This may be due to the difference
in the work function of the two substrates. SWNTs have been shown to have a work
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function of approximately 5.05 eV [10] which is higher than that of glassy carbon,
which has been shown to have a work function between 4.0 eV [75] and 4.6eV [76].
The higher work function of the SWNT substrate means that a higher energy is
required to remove an electron from the surface of SWNTs than from the surface of
glassy carbon. Consequently on the SWNT substrate, the polymer may be in a more
oxidised state at the polymer/substrate interface than at the polymer/air interface, and
therefore reduction of the polymer can occur at the surface.
6.3.9.2 PTTh·Dex deposited on SWNT·Chit paper
The Raman spectrum of the SWNT·Chit paper substrate showed bands characteristic
of

SWNTs

(Figure

6.19(a)),

with

radial

breathing

modes

(200-300 cm-1), D-band (ca. 1300 cm-1) and G-band (ca. 1590 cm-1) all observed.
Spectra obtained for SWNT·Chit paper with PTTh·Dex deposited showed
characteristic peaks for PTTh (Figure 6.19(b)).

Bands indicative of C-S-C

deformations (ca. 630-715 cm-1), C-H bend (ca. 1040 cm-1), C-C stretches (ca. 11701200 cm-1) and C=C stretch (ca. 1450 cm-1) were observed. Once the SWNT·Chit
sample was placed in solution, some changes were observed in the spectrum (Figure
6.19(b)). After immersion in solution, peaks corresponding to the RBM region and
G-band of the underlying SWNT·Chit paper substrate were observed in the
spectrum, which was analogous to the changes observed for PTTh·Dex deposited
onto SWNT·Chit drop cast film substrate (Section 6.3.9.1). This again may have
been caused by swelling and/or lifting of poorly adhered polymer upon immersion in
PBS solution, causing exposure of the underlying substrate.
Comparison of the spectra from SWNT·Chit paper-PTTh·Dex and PTTh·Dex in a
reduced state, indicated that the polymer deposited onto the SWNT·Chit paper was in
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a reduced state before solution was added to the film. Upon addition of electrolyte
solution, no significant changes were observed in the bands corresponding to PTTh.
The position of the C=C stretching and (ca. 1453 cm-1) and the shapes of the C-C
stretches (ca. 1160 cm-1) and C-S-C deformation bands (ca. 700 cm-1) correspond
closely to those observed for PTTh·Dex in a reduced state. These results suggest that
the polymer deposited onto the SWNT·Chit paper was not stable and was prone to
auto-reduction in air.
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Figure 6.19 Raman spectra of (a) SWNT·Chit paper and (b) PTTh·Dex deposited on SWNT·Chit
paper with spectra obtained in a dry state and through solution, with spectra of PTTh in an oxidised
and a reduced state for comparison. The spectrum for SWNT·Chit paper had characteristic SWNT
bands observed at 200 – 300 cm-1 (radial breathing modes)(*), ca. 1300 cm-1 (D band) and ca. 1590
cm-1(G-band) (**). Spectra for PTTh·Dex on SWNT·Chit paper showed characteristic PTTh bands at
ca. 1450 cm-1 (C=C symmetric stretch) (▲), 1163 cm-1 (C-C stretch) (■) and 694 cm-1 (C-S-C
deformation) (●). Upon immersion in solution, peaks appeared in the spectrum characteristic of
SWNT with RBM (*) and G (**) bands observed. Spectra were obtained using laser excitation
wavelength of 632.81 nm.
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6.3.9.3 PTTh·Dex deposited on carbon fibre paper
The spectrum of bare carbon fibre paper was somewhat different from those obtained
for substrates containing SWNTs (Figure 6.20). Two broad peaks were observed at
ca. 1300 cm-1 and ca. 1577 cm-1, which correspond to the D-band and G-band
respectively. No RBM peaks were observed for this material, which was expected as
these bands are unique to the Raman spectra of SWNTs and are not observed for
other sp2 carbons [77].
Spectra obtained for PTTh·Dex deposited onto the carbon fibre paper showed peaks
characteristic of PTTh (Figure 6.20(b)).

However, significant differences were

observed for spectra obtained from different areas of the same sample. There was a
clear difference in the C=C stretching band position (ca. 1450 cm-1 for spectrum 1
and ca. 1460 cm-1 for spectrum 2) (Figure 6.20(b)).

The shapes of the C-S-C

deformation (ca. 650-700 cm-1) and C-C stretching bands (1100-1200 cm-1)), also
showed distinct variations.
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Figure 6.20 Raman spectra of (a) bare carbon fibre paper with bands at ca. 1300 cm -1 (D) and ca.
1577 cm-1 (G) characteristic of D- and G-bands for carbon respectively; (b) two areas of a sample of
PTTh·Dex deposited on carbon fibre paper. Differences were observed in the C=C stretching band
position (ca. 1450 cm-1) (indicated (----)), as well as in the shapes of the C-S-C deformation (ca. 650700 cm-1) (●) and C-C stretching bands (1100-1200 cm-1) (■). Spectra were obtained using a 632.81
nm laser line.
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The observed differences were indicative of a difference in the oxidation state of the
polymer across the sample. In Figure 6.20(b), Spectrum 1 corresponds to PTTh in an
oxidised state and spectrum 2 to PTTh in a reduced state. These results show that

Intensity (a.u.)

some auto-reduction of the PTTh occurred in air.
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Figure 6.21 Raman spectra of PTTh·Dex deposited on carbon fibre paper (CFP) obtained for the
sample in a dry state and after 30 min in PBS electrolyte solution. A spectrum of PTTh·Dex in a
reduced state on gold mylar is included for comparison of changes observed in the C-S-C deformation
(●) and C-C stretching (■) bands, and the position of the C=C stretching band (---). Spectra were
obtained using laser excitation wavelength of 632.81 nm.

An area of the sample which was still in an oxidised state in air was also analysed
through solution to observe any changes which occurred (Figure 6.21). Changes in
the spectrum were observed, indicative of a change in oxidation state of the polymer
film. A clear shift in the C=C stretching band from ca. 1440 cm-1 for the dry film to
ca. 1457 cm-1 once the film was in electrolyte was indicative of PTTh reduction once
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in solution. No bands corresponding to the underlying carbon fibre paper were
observed in the PTTh spectrum when the sample was in solution.

6. 4 Conclusions
Carbon-based materials were used as an alternative to gold mylar as substrates for
the deposition of PTTh·Dex films. Previous work has shown that carbon substrates
can stabilise the oxidation state of polythiophene, preventing spontaneous reduction
of the polymer [9]. Here, carbon substrates comprised of single-walled carbon
nanotubes dispersed with the biomolecule chitosan (SWNT·Chit) as well as a
commercially available carbon fibre paper were investigated as substrates for
PTTh·Dex deposition.
Analysis of the materials after polymer deposition showed that uniform and
reproducible PTTh·Dex deposition was only achieved on SWNT·Chit films drop cast
onto gold mylar. Deposition onto SWNT·Chit paper and carbon fibre paper yielded
uneven polymer films. Polymer deposited onto carbon fibre paper was shown by
Raman spectroscopy to have areas in a reduced state in air. In air, PTTh·Dex
deposited onto SWNT·Chit substrates was shown to be in an oxidised state,
indicating that the underlying carbon substrate had a minor effect on the oxidation
state of the polymer in a dry state.

However, Raman analysis of the polymer

deposited on all substrates showed that auto-reduction of the polymer occurred when
in solution, independent of the underlying substrate. The carbon-based substrates
investigated therefore did not prevent the auto-reduction phenomenon from
occurring. As it was found via Raman studies that the carbon substrates did not
affect the oxidation state of the PTTh·Dex in solution and uniform PTTh·Dex
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coverage of the carbon substrates was not achieved, Dex release from polymer
deposited on these substrates was not investigated.
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7 FUTURE APPLICATIONS: GALVANIC COUPLED
RELEASE
To conclude this project, a preliminary study was carried out to investigate the use of
galvanic coupling between different magnesium alloys and conducting polymer films
loaded with dexamethasone phosphate. Galvanic coupling with a magnesium based
alloy has been used previously to stimulate drug release from polypyrrole films [1].
Following on from this published work, this study investigates the effect of changing
the composition of metal alloy as well as changing the polymeric electrode to look at
the effect on drug release from the films. At the time of this work, two magnesium
alloys with differing compositions were available for investigation and these were
used to initially study whether changing the composition of the alloy had any effect
on drug release from the coupled polymer.

7. 1 Introduction
The controlled release systems studied so far in this thesis have utilised the changes
which occur in conducting polymers upon application of an electrical stimulus.
However, this method of stimulation relies on a power source to initiate the required
changes.

Recently, the use of galvanic coupling between a biodegradable

magnesium (Mg) alloy and a conducting polymer has been investigated for
autonomously powered controlled release [1]. This system alleviates the need for
connection to an external power source to stimulate release from the conducting
polymer system [1].
Mg based alloys have attracted attention for application in the area of biodegradable
implants, particular for use in tissue and bone repair [2-5] and cardiovascular stents
[6, 7]. The mechanical and corrosion properties of pure Mg make it unsuitable for
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biomedical applications, however Mg alloys such as AZ31, which has low
aluminium content, good mechanical properties and corrosion resistance are suitable
for use as biodegradable materials [8]. Mg alloys are suitable for application as
biodegradable implants due to their good biocompatibility, non-toxicity and
biodegradability as well as having suitable mechanical properties [3, 4, 8]. Mg is an
essential element in the human body, with Mg2+ being the fourth most abundant
cation and unused Mg2+ is readily excreted from the body in the urine [9].
A main focus of research has been on the corrosion of Mg alloys for biomaterial
applications [10]. The corrosion process of the alloy is dependent on several factors
including the elemental composition of the alloy, the processing of the alloy and also
the environment to which the alloy is exposed [4]. Studies have looked at the
corrosion of Mg alloys in simulated body fluid [8, 11, 12], dilute sodium chloride
solution [13, 14], and sodium sulphate and bicarbonate solutions [15].

In vivo

corrosion of Mg alloys has also been studied [4, 6, 16-18]. The coupling of drugloaded polymer to Mg alloys may be able to give some control over the corrosion of
the alloy as well as providing a means by which to control the rate of drug release
from the polymer [1]. Such control could be beneficial in applications such as drug
eluting cardiovascular stents which are used to prevent restenosis (renarrowing of
blood vessels) which can occur after stent implanation [19].
The mechanism of Mg corrosion in neutral solution proceeds via the following
reactions (1) and (2) [8, 20]:
2Mg  2Mg+ + e-

(1)

2Mg+ + 2H2O  2Mg2+ + H2 + 2OH-

(2)
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Mg+ is a metastable ion which can be readily oxidised to Mg2+, with simultaneous
hydrogen evolution. The overall reaction can be written:
2Mg + 2H2O  2Mg2+ + H2 + 2OH- + e-

(3)

The evolution of hydrogen and hydroxide ions during the corrosion process has been
a problem for implantation of Mg alloys, as these processes cause an increase in
localised pH which can have a detrimental effect within the body [9]. However, Mg
alloys are being developed which have a slower degradation rate, and therefore
release hydrogen and hydroxide more slowly, allowing the body time to adjust to
these products [9].

Mg alloys containing zinc can be developed into suitable

biodegradable materials [9], and the addition of manganese to these systems can also
be used to mitigate the effect of impurities on the degradation rate of the alloy [21].

7.1.1 Chapter aims
This chapter details the application of galvanic coupling to stimulate drug release
from polypyrrole monolayer and polyterthiophene·polypyrrole bilayer films doped
with dexamethasone phosphate (Dex), alleviating the need for an external power
source. A galvanic couple was generated between a corroding magnesium (Mg)
alloy anode and the conducting polymer film, with dissolution of Mg from the alloy
and Dex release from the polymer monitored throughout the experiments. Two
polymeric cathodes were studied: polypyrrole doped with Dex (PPy·Dex) and
polyterthiophene·polypyrrole bilayer doped with Dex (PTTh·PPy·Dex). The two
polymer systems were used to determine how the composition of the cathode
affected the Dex release observed. Two Mg based alloys were also studied: AZ31
(96% magnesium, 3% aluminium and 1% zinc) and AZM (90.5% magnesium, 8%
aluminium, 0.5% zinc, and 1% manganese) to determine how the composition of the
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alloy affected the dissolution of Mg from the anode during corrosion. The affect of
alloy composition on Dex release from the coupled polymer was also studied.

7. 2 Experimental
7.2.1 Reagents & Materials
2,2’:5’,2”-terthiophene (TTh, > 99%, Sigma-Aldrich), dexamethasone 21-phosphate
(Dex, ≥ 98%, Sigma-Aldrich), sodium chloride (NaCl, Ajax, analytical reagent),
acetonitrile (Scharlau, HPLC grade), hydrochloric acid (32%, Ajax, analytical
reagent) and methanol (Ajax, analytical reagent) were all used as received. Phosphate
buffered saline (PBS, pH 7.4) was prepared using standard PBS tablets (Merck,
Germany) dissolved in MilliQ water (18 MΩ/cm) containing sodium chloride
(0.15 M). Pyrrole (Py, Merck, > 97%) was distilled prior to use and stored under
nitrogen at -20 ºC.
Gold-coated mylar was purchased from CP Films Inc. (USA) and was rinsed with
MilliQ water then methanol and dried before use. Mg alloy AZ31 (96% magnesium,
3% aluminium and 1% zinc) was purchased from Goodfellow (USA). Mg alloy
AZM (90.5% magnesium, 8% aluminium, 0.5% zinc, and 1% manganese) was
provided by Boston Scientific.

7.2.2 Electropolymerisation
7.2.2.1 Polypyrrole doped with dexamethasone phosphate
PPy·Dex monolayer films were deposited onto gold mylar (masked to an area of
0.9 cm2) from a solution of 0.4 M Py and 5 mM Dex in MilliQ water at a current
density of 0.28 mA/cm2, with the potential monitored vs. Ag/AgCl reference
electrode for a deposition time of 20 minutes. All monomer solutions were purged
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with nitrogen before use. Post-deposition films were rinsed for 10 minutes each in
acetonitrile and MilliQ water then allowed to dry in air.
7.2.2.2 Polyterthiophene·polypyrrole bilayer films doped with dexamethasone
phosphate
PTTh·Dex was deposited on to a gold-coated mylar working electrode (masked to a
working area of 0.9 cm2). Polymerisation was performed galvanostatically from a
solution of 20 mM TTh and 5 mM Dex in 15% v/v MilliQ water in acetonitrile at a
current density of 0.28 mA/cm2, with the potential monitored vs. Ag/Ag+ reference
electrode, for a deposition time of 10 minutes. After 10 minutes of PTTh·Dex
deposition, the application of current to the working electrode was stopped. The
TTh·Dex monomer solution was removed; the cell and all electrodes were then
rinsed thoroughly with acetonitrile and MilliQ water. PPy·Dex was then deposited
galvanostatically onto the PTTh·Dex coated working electrode from a solution of
0.4 M pyrrole and 5 mM Dex in MilliQ water at 0.28 mA/cm2, with the potential
monitored vs. Ag/AgCl reference electrode for 20 minutes. All monomer solutions
were purged with nitrogen before use. Post-deposition films were rinsed for 10
minutes each in acetonitrile and MilliQ water then allowed to dry in air.

7.2.3 Galvanic cell design
The galvanic cell system (Figure 7.1) consisted of two glass receiving vessels
containing PBS electrolyte (10 mL, pH 7.4) which were electrically connected via a
salt bridge (filter paper soaked in PBS electrolyte solution). The Mg alloy anode was
mounted in epoxy resin and was immersed in one vessel. Two Mg alloys were
investigated: AZ31 and AZM. The Mg alloy electrode was polished with silicon
carbide paper (1200 grit followed by 4000 grit) before use. This was to remove any
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oxide species from the electrode to ensure a clean metal surface was exposed at the
start of each experiment.
The cathode, consisting of PPy·Dex or PTTh·PPy·Dex coated gold mylar was
immersed in the other receiving vessel, along with an aqueous reference electrode
(detailed in Chapter 2, Section 2.3.2). All three electrodes were connected to an
eDAQ (Australia) potentiostat (model EA161) controlled by eDAQ Chart™ software
(v.5.2.18). The zero resistance ammeter (ZRA) function of the Chart™ software was
used to monitor the voltage generated at the polymer cathode upon coupling to the
Mg alloy anode.

Salt bridge
Potentiostat

Reference electrode

(PBS soaked
filter paper)

(Ag/AgCl in 3 M NaCl)

Cathode:
Polymer coated
gold mylar

Anode:
Magnesium alloy
(mounted in epoxy
resin)

Anode reaction:
Mg  Mg2+ + 2eElectrolyte
solution

Cathode reaction:
PPy+ Dex- + ne-  PPyo + Dex- or
PTThPPy+ Dex- + ne-  PTThPPyo + Dex-

Figure 7.1 Cell design used for galvanic coupled release of Dex from PPy·Dex monolayer and
PTTh·PPy·Dex bilayer films. The reactions occurring at the Mg anode and polymer cathode are
included. It is important to note that the Mg oxidation reaction is complex, with a simplified version
shown for ease of understanding the galvanic system.
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7.2.4 Monitoring of release from the galvanic system
7.2.4.1 Sampling parameters
Release of Dex and dissolution of Mg from the alloy were monitored ex situ by
solution sampling.

Aliquots (0.5 mL) of each solution were obtained at time

intervals of 2, 4, 6, 8, 10, 15, 20, 25, 30, 45 and 60 minutes and then at 30 minute
intervals to a total time of 4 hours. To maintain the volume of the bulk release
solution (10 mL), samples were replaced with fresh PBS solution (0.5 mL). This
dilution effect was taken into account when analysing release data. Mg dissolution
samples were acidified with hydrochloric acid (32%) to prevent precipitation of the
dissolved metal. Solution samples were stored in a refrigerator at ca. 4 ºC until
analysis could be carried out.
7.2.4.2 Detection of dexamethasone phosphate
Dex release was detected using UV-vis spectroscopy with the amount of Dex release
calculated using the method detailed in Chapter 2, Section 2.6.2.1. Release was
monitored ex situ using the method described in Chapter 2, Section 2.6.2.3.
7.2.4.3 Detection of magnesium
The dissolved Mg was determined using atomic absorption spectroscopy (AAS). The
atomic absorptions of PBS solutions containing Mg at concentrations of 10, 20, 30,
40 and 50 µg/mL were recorded using a Varian Spectra AA 220 Atomic Absorption
Spectrometer. The recorded absorbences were plotted against concentration to give a
calibration curve for Mg. This curve was used to determine the concentration of Mg
dissolved in the galvanic system.
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7. 3 Results & Discussion
7.3.1 Preparation of polymer coated electrodes
The PPy·Dex monolayer and PTTh·PPy·Dex bilayer films were analogous to those
prepared and characterised in Chapter 4. The PTTh·PPy·Dex bilayer films were
prepared by Method 2 (detailed in Section 4.2.2.3.2., Chapter 4). This method of
preparation was chosen as it would enable a greater degree of versatility in the
composition of the resulting films, allowing for a wider range of future applications.
A PPy deposition time of 20 minutes was chosen as at this deposition time it was
demonstrated that total coverage of the underlying PTTh·Dex layer was obtained
(Section 4.3.2.3, Chapter 4). PTTh·Dex monolayer films were not coupled to the
alloys because as shown previously the reduction of the PTTh·Dex film did not cause
a significant difference in the observed release compared to that from unstimulated
PTTh·Dex films (Section 3.3.3, Chapter 3).

7.3.2 Potential generated for the different alloy/polymer combinations
The potential generated upon coupling of the Mg alloy to the polymer coated
electrode was monitored in all experiments for the duration of the release experiment
(4 hours) (Figure 7.2 and Figure 7.3).
Galvanic coupling between AZ31 alloy and PPy·Dex (Figure 7.2(a)) or
PTTh·PPy·Dex (Figure 7.2(b)) generated a potential of ca. -0.70 V to -0.75 V vs.
Ag/AgCl at the polymer electrode. The potential generated upon coupling of AZ31
and PPy·Dex (ca. -0.70 V) (Figure 7.2(a)) was slightly higher than that generated
between AZ31 and PTTh·PPy·Dex polymer (ca. -0.75 V) (Figure 7.2(b)). This
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difference may be attributed to the greater electrode surface area of the bilayer film,
due to the more nodular morphology observed under SEM (discussed in Chapter 4).
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Figure 7.2 Mean average (n=3) potential trace generated at the cathode for AZ31 Mg alloy
galvanically coupled to (a) PPy·Dex monolayer and (b) PTTh·PPy·Dex bilayer polymer films in PBS
electrolyte vs. Ag/AgCl reference electrode. The spikes in each profile were due to electrolyte
volume changes during sampling.
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Figure 7.3 Mean average (n=3) potential trace generated at the cathode for AZM Mg alloy
galvanically coupled to (a) PPy·Dex monolayer and (b) PTTh·PPy·Dex bilayer polymer films in PBS
electrolyte vs. Ag/AgCl reference electrode. The spikes in each profile were due to electrolyte
volume changes during sampling.
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Galvanic coupling between the AZM alloy and PPy·Dex (Figure 7.3(a)) or
PTTh·PPy·Dex (Figure 7.3(b)) generated a potential of ca. -0.70 to -0.75 V vs.
Ag/AgCl at the polymer electrode. The potential generated upon coupling of the
AZM alloy and PPy·Dex (Figure 7.3(a)) reached a minimum of ca. -0.72 V at
approximately 25 minutes. The potential then increased and reached a plateau at ca.
-0.60 V.

The potential observed in the couple between the AZM alloy and

PTTh·PPy·Dex (Figure 7.3(b)) was slightly lower than the AZM/PPy·Dex couple,
with a minimum potential of ca. -0.74 V observed. An increase in the potential over
the duration of the AZM/PTTh·PPy·Dex experiment was also observed however, this
increase was not as steep as that observed for AZM/PPy·Dex couple, with the
potential levelling off at ca. -0.7 V (Figure 7.3(b)).
The potentials generated in both alloy/polymer combinations were reducing for the
polymer film. Cyclic voltammograms (CVs) of PPy·Dex and PTTh·PPy·Dex films
show that at potentials of -0.60 V or lower, both films would be in a reduced state
(Figure 7.4). This shows that by coupling the drug doped polymer films to the
alloys, stimulation of dopant release should be observed, as has been shown
previously [1, 22].
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Figure 7.4 CVs of PPy·Dex (solid line) and PTTh·PPy·Dex (dashed line) films. CVs were performed
in PBS electrolyte at a scan rate of 50 mV/s vs. Ag/AgCl reference electrode. The 5 th cycle is shown
in each case and the arrows indicate the direction of the potential scan.

7.3.3 Release of dexamethasone phosphate
The release of Dex from the PPy·Dex monolayer and PTTh·PPy·Dex bilayer films
was monitored during galvanic coupling between the polymer and Mg alloy.
Aliquots of the release solution were taken throughout the galvanic coupling
experiment, and UV-vis spectroscopy analysis was used to quantify the Dex released.
The release profiles obtained for each polymer/alloy combination were compared to
each other, and also to the release observed from analogous polymer films which
were not coupled to an alloy (passive release).
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Figure 7.5 Cumulative Dex release profiles for PPy·Dex polymer films galvanically coupled to two
different Mg alloys: AZ31 (♦) and AZM (■). Passive release from uncoupled PPy·Dex films (▲) is
shown for comparison. Error bars indicate the standard error of the mean (n=3).

PPy·Dex monolayer films exhibited very similar release profiles independent of the
alloy used in the galvanic couple (Figure 7.5). However, galvanic coupling of the
PPy·Dex did result in a significant increase in Dex release when compared to the
release observed for the uncoupled polymer (Figure 7.5). This increase in release
upon coupling was expected due to the reducing potential which was observed at the
PPy·Dex film during the experiments, as previously discussed (Section 7.3.2). The
reduction of the polymer film caused expulsion of the dopant anion in order to
maintain charge neutrality within the polymer, therefore an increase in Dex release
was observed upon galvanic coupling. The mass of Dex released from PPy·Dex at
4 hours was 103 µg/cm2 and 148 µg/cm2 when coupled to AZ31 and AZM
respectively. Both these values are much higher than 3 µg/cm2 reported in the
literature, for PPy·Dex coupled with AZ31 alloy [1]. Very little passive Dex release
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(approximately 2 µg/cm2 at 4 hours) (Figure 7.5) was observed from the uncoupled
PPy·Dex films as reported previously (Section 5.3.1., Chapter 5).
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Figure 7.6 Cumulative Dex release profiles for PTTh·PPy·Dex bilayer films galvanically coupled to
two different magnesium alloys: AZ31 (♦) and AZM (■). Passive release from uncoupled PPy·Dex
films (▲) is shown for comparison. Error bars indicate the standard error of the mean (n=3).

The Dex release profiles observed for PTTh·PPy·Dex bilayer films varied with the
alloy used in the galvanic couple (Figure 7.6). Coupling to AZM alloy gave a greater
mass of Dex release and also resulted in a steeper release curve compared to the
release observed for the AZ31 alloy. The profile for the AZM/PTTh·PPy·Dex also
reached a plateau by 90 minutes, where as the release from the AZ31/PTTh·PPy·Dex
couple increased for the duration of the experiment. However, after 4 hours, there
was no significant difference in the mass of Dex released, independent of the alloy
used.

Galvanic coupling of the PTTh·PPy·Dex bilayer polymer resulted in an
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increase in Dex release when compared to the release observed for the uncoupled
polymer (Figure 7.6).

As previously discussed, this was expected due to the

reducing potential which was observed at the PTTh·PPy·Dex film during the
experiments (Section 7.3.2).
Comparison of the Dex release observed for PPy·Dex and PTTh·PPy·Dex polymers
showed that a greater amount of Dex was released from the PTTh·PPy·Dex bilayer
films than from the PPy·Dex monolayer films, and this was independent of the Mg
alloy used.

This correlated to the release results reported previously for

PTTh·PPy·Dex bilayer and PPy·Dex monolayer films in Chapter 5.

7.3.4 Dissolution of magnesium
The dissolution of Mg from the AZ31 and AZM alloys during galvanic coupling to
PPy·Dex monolayer and PTTh·PPy·Dex bilayer films was monitored. Aliquots of
the Mg solution were obtained throughout the galvanic couple experiment, and
atomic absorption spectroscopy was used to quantify the Mg dissolved during the
experiment. The dissolution profiles obtained for each polymer/alloy combination
were compared to each other, to determine if coupling to different polymers affected
Mg dissolution and to identify if there was a difference in the dissolution profiles of
the two alloys studied.
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Figure 7.7 Mg dissolution profiles for AZ31 alloy coupled to PPy·Dex monolayer (■) and
PTTh·PPy·Dex bilayer (♦) films, with trend lines shown in red and blue respectively. Error bars
indicate the standard error of the mean (n=3).

There was little difference observed in the Mg dissolution profiles for AZ31 alloy
when coupled to PPy·Dex or PTTh·PPy·Dex polymer films (Figure 7.7), with
approximately linear dissolution in both cases. There was no significant difference
in the concentration of dissolved Mg, independent of the polymer film type used in
the galvanic system. The concentration of Mg for the AZ31 alloy at 4 hours was ca.
38 µg/cm2, which is consistent with 35 µg/cm2 reported by Moulton et al [1] for
PPy·Dex coupled to AZ31.
Coupling of AZM alloy to PPy·Dex and PTTh·PPy·Dex polymer films resulted in
approximately linear dissolution profiles in both cases (Figure 7.8). Coupling to
PTTh·PPy·Dex bilayer films resulted in a slightly higher concentration of Mg
dissolution than that observed when AZM was coupled to PPy·Dex monolayer films.
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Figure 7.8 Mg dissolution profiles for AZM alloy coupled to PPy·Dex (■) monolayer and
PTTh·PPy·Dex bilayer (♦) films, with trend lines shown in red and blue respectively. Error bars
indicate the standard error of the mean (n=3).

Comparison of the dissolution profiles obtained for AZ31 and AZM alloys showed
that Mg was released at a slightly higher rate from the AZM alloy, with a small but
significant difference in Mg dissolution rates observed. The rates of Mg dissolution
were calculated from the slopes of the trend lines shown in Figure 7.7 and Figure 7.8.
The AZM alloy gave Mg dissolution rates of ca. 0.17 µg/mL/min and ca.
0.22 µg/mL/min when coupled to PPy·Dex and PTTh·PPy·Dex respectively. In
comparison, the AZ31 alloy gave Mg dissolution rates of ca. 0.15 µg/mL/min and ca.
0.13 µg/mL/min upon coupling to PPy·Dex and PTTh·PPy·Dex respectively. The
nature of the cathode employed also appeared to affect the Mg dissolution rate from
the AZM alloy, with a PTTh·PPy·Dex bilayer cathode resulting in a greater rate of
Mg dissolution. This trend was not observed for the AZ31 alloy.
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It has been shown that the alloying of elements to Mg can enhance or retard reaction
rates [11]. Kirkland et al [11] studied the Mg dissolution rates of a wide range of Mg
alloys in simulated body fluid and of the alloys tested; the commercially available
AZ31 alloy had one of the highest dissolution rates. As well as specially prepared
(non-commercial) alloys, some commercially available Mg alloys were shown to
have significantly lower dissolution rates than AZ31, including AZ91 (90% Mg, 9%
Al, 1% Zn), AE44 (92% Mg, 4% Al, 4% rare earth metals) and ZE41 (95% Mg, 4%
Zn, 1% rare earth metals) [11].

By using an alloy with a significantly lower

corrosion rate it may be possible to alter the rate of drug release from the coupled
polymer. However, it is not only the corrosion rate of the alloy but the potential at
the polymer electrode when coupled to the alloy which will drive the drug release. It
is important to note that the corrosion rate of the alloy does not directly correlate to
the open circuit potential value, for example a higher corrosion rate does not mean
the alloy will have a higher corrosion rate [23].
Upon completion of galvanic experiments a clear film had formed on the surface of
the alloy, independent of the alloy used. The identity of these surface products was
not investigated, however it has been shown previously that species such as MgO,
Mg(OH)2 and MgCO3 were formed on the surface of AZ31 Mg alloy during
corrosion in dilute sodium chloride solutions [14].

7. 4 Conclusions
The aim of this work was to investigate Dex release and Mg dissolution from a
galvanic system comprised of an Mg based alloy anode and cathode consisting of a
conducting polymer film loaded with Dex.
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The results obtained showed that coupling of PPy·Dex or PTTh·PPy·Dex polymer
films to a Mg based alloy generated a reducing potential at the polymer, which
resulted in the stimulation of Dex release.

Using the AZM alloy resulted in

marginally higher Dex release from both the bilayer and monolayer polymer systems
than was observed for the AZ31 alloy. However, there was little difference in the
reduction potentials generated at the polymer electrode, independent of the alloy
used.

By using a bilayer (PTTh·PPy·Dex) rather than a monolayer (PPy·Dex)

cathode, an increase in Dex release was observed. This correlated with the previous
release results for these materials reported in Chapter 5.
Both alloys exhibited very similar Mg dissolution profiles, with approximately linear
dissolution in all systems studied. Changing the alloy composition had a small but
significant effect on the Mg dissolution rates observed, with the AZM alloy yielding
higher Mg dissolution rates than the AZ31 alloy over the time studied.

This

suggested that the corrosion rate of Mg in the AZM alloy may have been slightly
more rapid than that in the AZ31 alloy.
It was demonstrated that the galvanic couple generated between an Mg based alloy
and PPy·Dex or PTTh·PPy·Dex could be used to stimulate Dex release from the
coupled polymer.

By changing the composition of the polymeric cathode, the

observed Dex release could be changed. Altering the composition of the alloy also
affected the observed Dex release; and the effects observed suggest that further
changes to the anode composition and refinements to galvanic system could be used
to further affect and control the Dex release observed.
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8 CONCLUSIONS & RECOMMENDATIONS
8. 1 Conclusions
The work presented in this thesis aimed to use the conducting polymer
polyterthiophene for the incorporation and controlled release of dexamethasone
phosphate (Dex) and to use composite structures to affect the properties of the
polyterthiophene substrate to gain greater control over release. In order to fulfil
these aims, the synthesis of polyterthiophene films containing Dex was first
investigated, followed by the development and investigation of composite structures
containing polyterthiophene doped with Dex.
Polyterthiophene films doped with Dex (PTTh·Dex) were prepared and characterised
(Chapter 3). It was necessary to synthesise the polymer from a mixed solvent system
consisting of acetonitrile and water due to the differing solubility of the monomer
and the dopant. It was shown that the presence of water in the monomer solution did
not have a significant effect on the contact angle, electrochemical or morphological
properties of the resulting polymer films. However, these properties were affected
when the dopant used for the polyterthiophene films was changed. PTTh·Dex films
showed greater electroactivity in aqueous electrolyte than polyterthiophene films
doped with tetrabutylammonium perchlorate (PTTh·TBAP), and there was a
significant difference in the morphologies of PTTh·Dex and PTTh·TBAP films.
Controlled release of Dex from the PTTh·Dex films was readily achieved by the use
of electrochemical stimulation at oxidising potentials with the amount of Dex
released from the polymer matrix being at therapeutically relevant levels.

The

oxidation state of the PTTh was critical for the controlled release of Dex as it was
found that PTTh·Dex becomes spontaneously reduced when placed into phosphate
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buffered saline (PBS) receiving solution. No statistical difference was observed
between

the

unstimulated

(spontaneously

electrochemically reduced PTTh.

reduced)

polymer

and

the

Significantly, the application of an oxidising

potential of +0.6 V to the PTTh·Dex films resulted in a reduction in Dex release of
50% over 24 hr.
Once release from PTTh·Dex films was established, composite bilayer structures of
PTTh·Dex and polypyrrole doped with Dex (PPy·Dex) were developed and
characterised (Chapter 4). A main focus of the characterisation of these materials
was the oxidation state of the PTTh layer, which was investigated using Raman
spectroscopy. Three methods of electrochemical preparation of bilayer films were
studied.

Polypyrrole was deposited onto an underlying layer of PTTh·Dex by:

sequential addition of pyrrole monomer into terthiophene/Dex monomer solution and
using galvanostatic deposition from the mixed monomer system (Method 1),
galvanostatic deposition of PPy·Dex from pyrrole/Dex monomer solution in water
(Method 2) and potentiostatic deposition of PPy·Dex from pyrrole/Dex monomer
solution in water (Method 3).

Deposition of PPy was confirmed by cyclic

voltammetry. Varying deposition times of PPy·Dex were studied to elucidate the
effect on the properties of the prepared films. The electrochemical response from the
PTTh became masked as the PPy·Dex deposition time was increased, which was
especially prevalent when PPy was deposited by Method 3. For this reason only
films deposited by Method 1 and Method 2 were investigated further. At PPy·Dex
deposition times of 20 and 30 minutes the electrochemical response of the bilayer
films was dominated by PPy. The morphology of the bilayer films was shown to be
dominated by the nodular morphology of the underlying PTTh, independent of the
PPy deposition time used. Raman analysis was used to identify and characterise the
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polymer composition at both the polymer/air and polymer/substrate interfaces of the
bilayer films. PPy was identified at the polymer/air interface, and spectra from the
polymer/substrate interface contained bands corresponding to both PTTh and PPy.
This indicated that PPy deposition had occurred throughout the deposited PTTh
layer.

Due to this, no defined polymer/polymer interface could be detected or

characterised. Raman spectra from the polymer/substrate interface also showed that
the underlying PTTh was in a reduced state. However, as PPy deposition onto the
PTTh layer was achieved it was determined that the PTTh·Dex layer could not have
been in a fully reduced state. Raman spectra of the polymer/air interface showed the
PPy to be in an oxidised state, and this was further confirmed by solid-state UVvisible spectroscopy.
The release of Dex from the PTTh·PPy·Dex bilayer structures developed in Chapter
4 was then studied (Chapter 5). The release results were compared to those obtained
for PTTh·Dex and PPy·Dex monolayer systems. The release results demonstrated
that the addition of an outer layer of PPy clearly affected the release observed when
compared to the release from a PTTh·Dex monolayer system.

Dex release for

bilayer films prepared by both Method 1 and Method 2 was more accordant to the
release observed from equivalent PPy·Dex monolayer films than that observed for
PTTh·Dex monolayer films under analogous stimulation protocols. The presence of
the underlying PTTh·Dex film was found to result in greater release than from
PPy·Dex alone. This was likely to be due to the increased surface area of PPy in the
bilayer film, caused by the nodular morphology of the underlying PTTh·Dex layer.
Some differences were observed in the release achieved under the various
stimulation protocols employed, in particular for bilayer films prepared by Method 2.
Complete control over the release was not achieved under any of the stimulation
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protocols investigated. However, the observation of some differences in release
indicated that the use of electrochemical stimulation could be utilised to affect the
release of dopant anions from these bilayer structures.
Interesting release results were obtained for PPy·Dex monolayer films, whereby
unexpectedly large masses of Dex release were observed when the polymer was in a
highly oxidised state. Such release under oxidising conditions has not been reported
previously. The high levels of release were attributed to anion exchange between the
drug (Dex) dopant and other anions from the PBS electrolyte solution, as indicated
by EQCM results. UV-vis and HPLC analysis of release solutions confirmed that the
release observed was due to Dex. These findings clearly indicated that that the
mechanisms involved in the electrochemically stimulated release of dopant ions from
PPy are more complex than being simply due to electrostatic interactions.
Composite structures of PTTh·Dex with carbon-based materials were also
investigated (Chapter 6). Carbon-based materials were used as an alternative to gold
mylar as substrates for the deposition of PTTh·Dex films, to determine whether the
use of a carbon-based substrate could be used to affect the oxidation state of the
deposited PTTh·Dex and thereby prevent spontaneous reduction of the polymer.
Carbon substrates comprised of single-walled carbon nanotubes dispersed with the
biomolecule chitosan (SWNT·Chit) as well as a commercially available carbon fibre
paper were investigated. Uniform and reproducible PTTh·Dex deposition was only
achieved on SWNT·Chit films drop cast onto gold mylar, with deposition onto
SWNT·Chit paper and carbon fibre paper yielding uneven polymer films. Polymer
deposited onto carbon fibre paper was shown by Raman spectroscopy to have areas
in a reduced state in air. In air, PTTh·Dex deposited onto SWNT·Chit substrates was
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shown to be in an oxidised state, indicating that the underlying SWNT substrate had
a minor effect on the oxidation state of the polymer in a dry state. However, Raman
analysis of the polymer deposited on all substrates showed that spontaneous
reduction of the polymer occurred when in solution, independent of the underlying
substrate. The carbon-based substrates investigated did not prevent this spontaneous
reduction phenomenon from occurring. As it was found that the carbon substrates
did not affect the oxidation state of the PTTh·Dex in solution, and uniform
PTTh·Dex coverage of the carbon substrates was not achieved, Dex release from
polymer deposited on these substrates was not investigated.
The use of galvanic coupling was investigated as a means of stimulating release from
polymer films to create a system with autonomously powered drug release, removing
the need for connection to an external power source (Chapter 7). The galvanic
system was comprised of a magnesium (Mg) based alloy anode and cathode
consisting of PPy·Dex monolayer or PTTh·PPy·Dex bilayer film. Two Mg alloys
were studied, AZ31 (96 % magnesium, 3 % aluminium and 1 % zinc) and AZM
(90.5 % magnesium, 8 % aluminium, 0.5 % zinc, 1 % manganese).

It was

demonstrated that the galvanic couple generated between an Mg based alloy and
PPy·Dex or PTTh·PPy·Dex could be used to stimulate Dex release from the coupled
polymer. By changing the composition of the polymeric cathode, the observed Dex
release could be changed. Altering the composition of the alloy did not have a
significant effect on the observed Dex release; however, the minor effects observed
suggest that further changes to the anode composition could be used to affect the Dex
release observed in the system.
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In summary, this work has demonstrated, for the first time, that polyterthiophene can
be used as a substrate for controlled drug release. Composite structures combining
polyterthiophene with polypyrrole or carbon nanotubes can also be used to affect the
material properties. The release results obtained in this work may have implications
for the future use of both polyterthiophene and polypyrrole in controlled release
systems. Further development of these materials may lead to controlled release
systems which can combine the release properties of different conducting polymers,
as well as incorporating a self-powered release system, negating the need for an
external power source.
Drug delivery is an ever expanding area of research in which many different
materials and designs are being investigated.

Nanostructured materials and

conducting polymer based systems are strategically placed within this area due to the
combination of properties such as biocompatibility and the control over release
offered by electrochemical stimulation which materials such as polypyrrole possess.
Many release systems currently available rely on polymer degradation to control
release from the polymer matrix, rather than being able to stimulate/suppress release
on demand – a feature which conducting polymer systems offer.

The results

presented in this thesis further extend the possibilities of a conducting polymer based
platforms to include PTTh based materials.

As well as showing the release

properties of monolayer polymer systems, the development of a layered system
comprised of more than one type of polymer loaded with drug has shown that
conducting polymer materials can be combined thus opening up many opportunities
for further development.

The dual-polymer design demonstrated here offers a

greater amount of versatility than monolayered systems by offering the possibility of
loading different therapeutic components into each layer, as well as benefitting from
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the electrochemical properties of the component layers allowing stimulation of
release when required. Additionally, by varying the composition of the layered
system, the drug-loading and/or release profiles of these materials can be tuned to
specific requirements. Development of an autonomously powered release system,
such as the galvanic system demonstrated here would allow on demand drug delivery
without the need for a separate power source, a system which is not currently
available.

8. 2 Recommendations for future work
This is the first work to describe the release of Dex from the conducting polymer
PTTh, and as such, a considerable amount of further research would be necessary
before considering clinical application. Of particular interest is the affect that large
protein molecules found in all body fluids would have on the release results obtained
here. Such protein molecules may also adhere to the surface of the polymer and
therefore it would be worthwhile looking at the effect of such a protein layer on the
oxidation state of the PTTh, looking at whether this could prevent the observed autoreduction of the polymer and subsequently change the release characteristics of the
polymer.

Further to this, studies into the biocompatibility of PTTh should be

conducted to assess the suitability of this polymer for clinical applications.
As Dex is released from PTTh, different ions may be incorporated into the polymer
matrix which would change the electrochemical properties of the polymer. These
effects on the electrochemical properties should be investigated to determine how
such changes affect the polymer and subsequently how such changes would affect
the longevity of an electrode prepared from PTTh.

271

Chapter 8

Conclusions

This work has revealed some unexpected results in terms of drug release from PPy.
Further investigation of the physical properties of polypyrrole under electrochemical
stimulation as well as ion uptake and release during stimulation would help to further
elucidate the mechanisms involved during electrochemical stimulation. A deeper
understanding of the mechanisms involved would enable further development of
conducting polymers for drug delivery applications.
The bilayer systems comprised of PPy and PTTh showed promising results in terms
of being able to affect the release profiles of these materials by altering the
composition of the polymer layers. However, the results obtained here were over a
very short period of time which would not be suitable for clinical purposes. Long
term studies of the release of compounds from these systems should be performed to
determine the longevity of release from such systems. Additionally these systems
could be further developed to incorporate different therapeutic agents in each
polymer layer to offer a dual release sytem.
The preliminary study carried out here looking at the galvanic coupling of
conducting polymers and magnesium based alloys has shown that such a system
could provide a means for autonomously powered drug release. Further research into
different magnesium alloys with lower corrosion rates than those used here should be
carried out to determine whether varying the corrosion rate of the alloy would affect
the rate of release from the coupled polymer. Subsequently, the development of a
self-contained system rather than the bench set-up employed in this work would be
necessary for application purposes.
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